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PREFACE TO THE SECOND EDITION 

The object of recasting the former two volumes of the 
' Organic Chemistry for Advanced Students ' in the three parts 
in which they now appear has been to gi'oup together allied 
subjects and to link them as far as possible in a consecutive form. 
As this entailed re-arrangement of the plates, an opportunity 
was afforded of bringing the subject-matter up to date, and 
very considerable additions have been made to the contents 
of the former volumes. As stated in the original pre£Eu:e, 
the book is not intended to serve as a reference book, but to 
furnish a general survey of those fundamental principles which 
underlie the modem developments of this branch of chemistry. 

J. B. COHEN. 
March, 1918. 
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ORGANIC CHEMISTRY 

PAET II 
CHAPTER I 

PHYSICAL PEOPEETIES AND STKUOTUKE 

A covPLETE knowledge of the structure of the different kinds of 
atoms and the forces inherent in them would enable us to picture 
not only the chemical attributes of different substances, but also 
the atomic and molecular forces which determine their cohesion 
(capillarity, viscosity, and density) in the liquid state, their crystalline 
form in the solid condition, their heat of fusion, of vaponsation, and 
of formation, and their action on light (refraction, rotatory polarisa- 
tion, absorption, &c.). But so limited is our knowledge of the 
nature of the atom that not only are we unable to predict with 
any degree of confidence any one of the above attributes of the com- 
pounds into which the atoms enter, but there are few cases in which 
these properties have been brought into direct relation in one and 
the same substance. The reverse process, namely, by observations 
of the various physical attributes of compounds to connect them with 
those chemical properties upon which our knowledge of structure 
mainly rests, has afforded an attractive field for investigation. The 
application of the process to the study of organic compounds offers 
unusual advantages from the fact that it is in this domain of 
chemistry that the determination of structure by chemical methods 
has been pushed to its farthest extent. 

Let us consider for a moment how a series of purely empirical 
observations of physical properties, resting upon no theory of atomic 
relations, may be made to subserve the study of structure. Suppose 
a particular physical property of a homologous series of paraffins 
to be determined, the results must be so formulated that a com- 
parison can be instituted between the molecular effect of the different 
members of the series. Experiment will probably reveal a numerical 
difference (increase or decrease) between the successive members, 
and thus the value for CH2 is given. Other series, such as those 
of the aldehydes and acids, may be taken, and the difference between 
parallel members of the two series will give the value for hydroxyl 
oxygen ; the difference between aldehydes and multiples of CH2 will 
determine the value for carbonyl oxygen, and so forth. Thus, a number 
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of constants will be obtained for certain atoms or groups from which 
the values for compounds of unknown structure may be calculated 
and compared with those derived from direct observation. 

It may happen, however, that the property is merely additive, 
that is to say, there is a constant value for each element inde- 
pendently of the nature of its attachment. Such a purely additive 
property is mass and also the resistance of a gas or vapour to penetration 
by a rays. It is clear that it will tell us no more than the molecular 
formula. The question of structure will not be touched. We have 
therefore to distinguish between a purely additive property and one 
which is partly additive and partly constitutive, such as refractivity 
or rotatory polarisation. Again, we find physical properties very diffe- 
rently influenced by constitutive relations. The cause of rotatory 
polarisation is, on its qualitative side, a purely constitutive one, that 
is to say, it is determined entirely by atomic arrangement and not 
by mass. On its quantitative side it is partly additive and partly 
constitutive, depending both on the mass and structure of the 
molecule. The connection between the two is at present so ill- 
defined that constitutively the property has little value.^ 

Consequently, in selecting a physical property which is capable of 
throwing light on molecular structure, we must be guided by the 
numerical amount as well as by the constancy of the constitutive 
effect For if the numerical value — say between singly and doubly 
linked oxygen or carbon or between an open and closed chain of 
carbon atoms — is very small, it may be masked by errors of observa- 
tion, or, again, if it varies from member to member in the same or 
different series, it will fail to give that constant value, which should 
serve as a basis for calculation. For example, the refractive constant for 
hydroxyl oxygen (0^ has been found to vary between 1*38 and 1*62 
in one series, that of ester oxygen (0<) between 145 and 1*99 in 
another, the mean of the first being 1*49, that of the second 1*65. It is 
clear that the line of division between the effects of the two kinds of 
oxygen union is not sufficiently sharp to enable the nature of the union 
in a given individual to be foretold from its refractivity. Again, the 
refractive value of one double bond is fairly constant, but a second* 
double bond in its vicinity has usually more than double the value. 
Thus, constancy of constitutive effect becomes an important factor in 
ascertaining structure. 

The power of selective absorption of organic liquids and sub- 
stances in solution stands in a somewhat different category from 
other physical properties, inasmuch as the relations here are largely 

^ P. F. Frankland, Trans, Chem. Soc,f 1912, 101, 664. 
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qniditatiye and cannot be represented numerically. Like rotatory 
polarization on its qualitative side, the property can only be usefully 
applied for constitutive purposes on the basis of a satisfactory 
theory. At the same time the position and character of tbe absorp- 
tion bands of similarly constituted substances will often reveal the 
structural correspondence of certain groups. 

L MOLEGULAB VOLUME 

It is natural to suppose that the volume occupied by different kinds 
of atoms and molecules under similar conditions will be different, 
and it would not appear remarkable if the same atoms, differently 
combined, occupied different spaces. Should this be the case the 
molecular volume of a compound would afford valuable information 
as to its structure. How can we measure the size of a molecule? 
The volumes occupied by equivalent molecular weights of gases and 
vapours under the same conditions are the same, and they clearly 
cannot be employed for the purpose. Liquids possess certain advan- 
tages over solids, in that the former are homogeneous in every direction 
and do not exist in allotropic forms. If, then, we determine the 
volume in cubic centimetres occupied by 1 gram (that is, the reciprocal 
of the specific gravity) we shall obtain the relative volumes of equal 
masses in the liquid state, or, when multiplied by the molecular 
weight, the relative volume of molecular masses, or molecular volume. 
This is given by the expression, 

_. _ Molecular weight 
*** Density 

We must remember that this expression includes the space between 
the molecules as well as that occupied by the molecules themselves. 
It also includes the space between individual atoms. Both these 
will be affected by change of temperature, and it is important there- 
fore at the outset to fix upon a suitable temperature for comparison. 

The difficulty in the choice of temperature has to some extent 
been met by the application of van der Waals' well-known gas equation 
to liquids : 

(l)+J)(»-6) = JRT. 

It can be shown that at the critical temperature and pressure v  8&. 
It is not^ however, necessary to determine the critical volume by 
direct observation, which would present many difficulties, for van der 
Waals has shown that corresponding temperatures, that is, tempera- 
tures which are equal fractions of the respective critical tempera- 
tures, may serve the purpose equally welL Kopp, who was the 

b2 
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first to make an exhauBtive study of the subject, took as the 
standard temperature the boiling-point at atmospheric pressure, and^ 
although he was not at the time aware of the fact, it has since been 
shown that this temperature is approximately the same fraction, 
that is, about two-thirds of the critical temperature measured on the 
absolute scale. Other observers have preferred to fix on one definite 
temperature and have examined substances at 0^, others again at the 
melting-point. All three methods possess certain advantages, and 
all, it may be added, have their defects, but there is little doubt that 
the boiling-point temperatures give on the whole the most regular 
series of results. 

Kopp's measurements were made by taking the density at the 
ordinary temperature and calculating that at the boiling-point from 
the thermal expansion, but methods for direct observation have 
since been devised. From these earlier determinations Kopp ^ laid 
down the following general rules : 

1. Among analogous compounds, the same difference of molecular 
volume corresponds to the same di£ference of composition. 

2. Isomeric liquids have the same molecular volume. 

8. By replacing two atoms of hydrogen by one atom of oxygen the 
molecular volume is unchanged. 

4. An atom of carbon can replace two atoms of hydrogen without 
change of volume. 

On the assumption that the molecular volumes were the sum of the 
atomic volumes of the elements, Kopp ascertained the value of the latter 
as follows : from a series of homologous compounds he found CHj « 22, 
and, according to rule 4, >= 11, H « 5*5, and from 8, » 11. When 
these values were calculated for compounds of the formula C,HbOc it 
was seen that the molecular volumes did not invariably conform to the 
calculated values, and the property was therefore not strictly additiva 

Kopp showed subsequently that the calculated value would 
correspond with the obsei-ved result if account were taken of the 
nature of the oxygen atom ; whether, according to the theory of 
types then in vogue (Part I, p. 44), it was extra- or intra-radical oxygen, 
or, as we should now say, singly or doubly linked. The value for 
doubly linked oxygen was found a little higher than that for one 
atom of carbon, namely, 12-2, whilst hydroxyl oxygen was derived 
from the value of water, IS-S less 2H=11«0, which gives 7»8. On 
this new basis the calculated values for forty-five different com- 
pounds did not vary by more than 4 per cent. Acetic acid, for 
example, gave the following calculated and observed values : 

^ Annalen, 1855, 86, 158, 303; see also Ostwold's Lthrbuchf 1884, vol. i, p. 310. 
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20 = 22 
4H»22 
O" = 122 
O' - 78 



64 (calc.) 
637 (obs.) 

From the molecular volumes of compounds containing the halogens, 
sulphur^ and nitrogen in place of hydrogen the following values were 
obtained : 



01 = 228 
Br = 278 



I =875 
S' « 226 



The values for nitrogen, like those for oxygen and sulphur, were 
found to vary in different compounds ; in ammonia N » 2 • 3, the 
cyanogen group, 0N« 28, and the nitro group, NO^^ 33, which give 
enormous variations for nitrogen, supposing that the whole difference 
is concentrated on the one kind of atom, an assumption which is by 
no means certain. Kopp, at the close of his research, suggested that 
the volumes of elementary atoms might be multiples of a common 
constant, whose value lay between 5*1 and 5*9 ; but this view can 
hardly be sustained in face of those derived from H2O and OSj. 

A sim i lar view was entertained by Schroeder, who suggested that 
the atomic volumes of different atoms were the same or a multiple of 
the same number, which might vary slightly in different compounds, 
and he called this unit a stere^ the value varying from 6-7 to 7*4« 

O" 

C, H, O' and -^ ■= 1 store. The value for OHg would be about 

21 ; 0''0' would also be 21. Formic acid, CH2O2, would be 2 x 21 
■= 42 ; acetic acid, O^H^O'^O' - 2 x 21 + 21 « 63, and so forth. 

Many years later (1865) Buff took up the subject again and showed 
that unsaturated carbon and sulphur have, like oxygen, a higher 
value than the singly linked atoms. To doubly linked sulphur the 
number S" = 28-3 was assigned. 

Fresh light has been thrown on the effect of constitutive influences 
on molecular volumes by the wprk of Bamsay, Thorpe^ and Lessen. 
The first described a method for estimating density at the boiling- 
point. Thorpe, from the results of veiy careful observations, was 
able to prove that structural isomers differ slightly in molecular 
volume, that liquid elements have the same atomic volume in the 
free state as when combined, and, using Kopp's numbers for 0, H, 
&nd 0, that chlorine, bromiae, and iodine possess the constants 22*79 
28*1, and 86-0 respectively. 
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Lossen re-calculated on a uniform basis the material already 
collected. He found that the fatty acids and ethers closely follow 
Kopp's law and that the alcohols exhibit certain variations, methyl 
alcohol, for example, haying a larger molecular volume than the 
calculated one and the higher alcohols a lower value. The aldehydes 
show a similar divergence. The molecular volumes of unsaturated 
compounds were generally higher than the calculated numbers. 
Among the aromatic compounds no general rule could be laid down 
so as to bring the observed and calculated results into harmony. 
Lossen concluded that whilst the elements in each class of compounds 
had a determinate value, it varied from one class to another. 

Schiff was able to throw new light on the subject with the aid of 
a large amount of fresh material. He found, in the first place, that 
substances with a higher boiling-point possess a higher molecular 
volume. He found further that, among the esters, the molecular 
volume increases with an increase in the number of carbon atoms in 
the alcohol radical and with a decrease in that of the acid radical ; 
but his most interesting achievement was the confirmation of BufiTs 
view as to the increased value of the ethenoid linkage. This increase 
he estimated at four units ; but he assumed that benzene was saturated, 
an assumption which is not always supported by its chemical or 
physical properties. A comparison of diisobutyl, CgHig = 184-5, with 
ethyl benzene, GgH^o — 138-95, shows a difference of 4545 for eight 
hydrogen atoms ; but caprylene is GgH^Q = 177*2, whereas it should be 
138*95 + 2 X 45*45 -^ 178*14, a difference of four units. 

Later determinations have modified this result by a direct com- 
parison of a saturated with an unsaturated compound containing the 
same number of carbon atoma 

More recently the study of molecular volumes has been taken up 
by Le Bas, who has published an interesting monograph on the 
subject^ He has reverted to the principle of the store, taking as his 
unit the unit of valency. Thus, he finds from Krafft's values' for 
the molecular volumes of the higher paraffins at the melting-point, 
that V^W = 2*97, in which V,„ = molecular volume and W the 
sum of the valencies. The value for carbon is 4 x 2*97 «= 11*88, and 
for hydrogen 2-97. This value for the valency unit increases with 
temperature and reaches 8*7 at the boiling-point. 

With this brief historical introduction we will proceed to examine 
some of the experimental data. 

^ Tke Molecular Voiumea qf Liquid Chemical Oompoumfs, by G. Le Bas. Longmana, 
Green & Co., 1915. 
" Ber., 1884, 17, 1871. 
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With a delicate balance it is possible to estimate specific gravities 
i^ith accuracy to 1 part in 100,000, and, as this is the principal £actor 
inTolved in the determination of molecular volumes, the method 
experimentally leaves little to be desired. 

But on comparing results of different observers they are frequently 
found to vary by about one per cent. This is a significant fiact» and is 
probably to be ascribed to the impurity of the substances employed, 
which would affect both boiling-point and thermal expansion as well 
as the specific gravity. 

Zsomexic CompoimdB. From his earlier observations, Kopp 
assumed that the atomic volumes were constant. If this were the 
ease isomeric compounds should possess the same molecular volume. 
The following series represent different types of isomeric compounds 
and their molecular volumes : ^ 









A 








A 


Subetancei. 


B.P. 


Vm 


per 
cent. 


Substance. 


B. P. 


Vm 


per 
cent. 


f»*HezAne 


6y> 


140-0 


2-5 


Propyl aldehyde 


49° 


76-4 


2-4 


Diiaopiopyl 


58 


186*5 


Acetone 


66 


77-2 


n-Heptane 


98-4 


162-6 


0-7 


Ethylene chloride 


84 


86-8 


4-0 


laoheptane 


90*8 


162-0 


Ethylidene chloride 


69 


88-9 


n-Propjl alcohol 


97-4 


81*2 


1-9 


Diethylamine 


66 


1090 


2*6 


iBopropyl alcohol 


82-8 


82-8 


Butylamine 


66 


106-2 


n-Butyl alcohol 


108 


102-1 




o-Xylene 


141 


188-6 




Trimethylcarbinol 


88 


102-4 




m-Xylene 


188 


189-8 












p-Xylene 


188 


140-2 




Dipropyl ether 


91 


160-9 


0-6 










Diisopropjl ether 


69 


151-6 


Mesitylene 


164 


162-4 












Ethyl tolaene 


162 


161-9 




Methyl propyl ether 


88-9 


106-1 


10 


Propyl benzene 


168 


161-8 




Diethyl ether 


84*9 


1061 


















Chlorotoluene 


160 


184-9 




Methyl propyl ether 


88-9 


1061 


8-2 


Benzyl chloride 


176 


188*6 




Batyl alcohol 


1170 


101-9 


















Anisole 


164 


126-2 


1-3 


fi-Bntyric acid 


162-6 


108-2 




m-Cresol 


206 


128-2 


Isobutyrio acid 


1541 


108-9 




Benzyl alcohol 


208 


122-8 




Methyl propionate 


79-6 


104-6 


1-6 


Aniline 


184 


106-4 


4-8 


Ethyl acetate 


77-6 


1061 


Picoline 


188 


111-6 


Propyl formate 


81*0 


106-2 


1*8 










Batyric acid 


162-6 


108-2 


X o 


Ethyl benzoate 


209 


174-6 


2-4 










Phenyl propionic acid 


280 


170-4 



B.P. a> boiling-point ; Ym * molecular volume ; A -■ difference 



^ Horatmann, Graham-Otto'a Lehrbuch der ChemUf yol. i, 3, 876. 
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It will be seen from the above table that constitutive differences 
assert themselves in a very striking manner. The largest differences 
are found among compounds belonging to distinct classes, the 
smallest among position isomers; but this is not invariably the case, 
as, for example, the isomeric dichlorethanes and the isomeric butyl- 
amines, which show large differences, whereas cresol and benzyl 
alcohol are nearly identicaL 

Eomologoiui Series. The value of CHg can be determined by 
a comparison of different homologous series. The following table 
gives the constants for different classes of compounds at the boiling- 
point and also the maximum and minimum values observed : 



Series. 


No. of 
intervals. 


Max. and 
Min. 


Mean 


Alcohols 


8 


19-7-22-4 


2M 


Fatty Acids 


8 


21 •6-28-4 


22-4 


Aldehydes (aliph.) 


4 


ie-O-220 


20-7 


Amines (aliph.) 


5 


20-4-20-6 


20-5 


Alkyl iodides 


10 


211-24-8 


22-6 


Paraffins 


18 


— 


22-7 


Esters 


15 


21-2-27-7 


24-4 


Ethers 


18 


21-6-28-6 


24-8 


Hydrocarhons (arom 


•) 5 


21-0-22-9 


22-1 


defines 


6 


20-8-28-1 


21-8 



It will be seen that there is not only a considerable variation in the 
constants in the different series, but a wide divergence in the minima 
and maxima for the same series. It should, however, be pointed out 
that as a rule the value for CHj increases in ascending the series, 
and the longer the series and the wider the range of boiling-points 
the larger the variation. For example, the normal paraffins show 
differences for CH2 varying from 18 to 23-7. 



Paraffin. 


Vin. 


A 


CH. 


88-5 




CtH, 


56-7 


18-2 


CsH, 


74-6 


17-9 


C4H1Q 


96-0 


21-4 


CH„ 


117-8 


21-8 


^6^,4 


189-9 


221 


C7H18 


162-5 


22-6 


CgHjg 


186-2 


23-7 



Lessen ^ assumed that the increase in the CH2 value for successive 
members is 0-6 units: but it is clear that the amount is not 
constant. On the other hand Krafft*s values for the higher paraffins 
at the melting-point show little or no variation. There is clearly 

^ Annalen, 1889, 264, 42. 



1 



G 10 

i a 

1 * 



Fio. 15 (o). Cotnmine (id WBter}. 



Fio. 16 'b). CoUrnine hjdrochlnride. 



Fi«. 16 (a). CoUmine (in etbar). 



FiQ. IS {b). Hydrofotamine. 
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some missing factor which should be introduced to bring the various 
constants into uniformity. 

The Constants &r Carbon, Rydrogen, and Oxygen. With 
so large a variation in the value for CH2 it seems hopeless to find 
a constant for carbon and hydrogen which will satisfy the different 
series. The following methods have been adopted for estimating 
the value of carbon and hydrogen. By comparing benzene, CeHg, 
with butane C4nio» which have the same atomic volume (Vm » 96), 
Kopp concluded that C2 » H4. It follows^ therefore, that if 
GH2 » 22, H2 will be 11. Another method is to compare the 
parafSns C^Hjf^^s with the aromatic hydrocarbons of the same 
carbon content C^Hs^-^, which gives the difference for eight atoms 
of hydrogen. The values for the series are fairly constant and give 
a mean of 45-9 or 4 x 11-5 for Hj. But, as Le Bas points out, such 
a comparison between aliphatic and aromatic hydrocarbons cannot 
be justified, seeing that the molecular volumes of the latter show 
a very marked contraction. If, in place of comparing paraffins with 
aromatic hydrocarbons, other compounds are taken, very different 
results are obtained. For example, the value for the define deducted 
from that of the corresponding paraffin gives the constant for Hjj. 
Although the olefine contains a double bond which might affect the 
molecular volume, this appears not to be the case, since the value for 
the olefine is almost an exact multiple of the difference for GHg in 
the seriea 



C,He 66*6 8 x 222 

GiUg 88-8 4x22-2 

CsHio 110-0 5 X 22-0 

CfHis 182-5 6 X 221 

G,Hi4 164-8 7x22-1 

CgHi. 177-6 8x22-1 



22*2 
21-2 
22-5 
22*8 
22*8 

22-2 Mean. 



Calculated in this way the value for carbon becomes 14-8 and that of 
hydrogen (R^ is 7-4. 

Practically the same figure has been obtained by Le Bas by 
deducting from the paraffin C,iH2;i4.2 the value for n x GHj thus: 

(H) « C5H12 - SCCHg) - 117-8 - 5 x 221 « 7-3 or 2 x 865 

(C) = 221-7-8 = 14-8 

Another method for estimating carbon is by deducting the value 
of the paraffin Cnl3.2fi^2 from the olefine containing an additional 
carbon atom C||^iH2|i4.2- This gives a mean value for carbon of 14-6. 
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A very similar result is obtained by taking the differences between 
two homologous alcohols and an unsaturated alcohol of the carbon 
content of the lower member. 










The values in this case work out to C » 14-8, H^ >= 7-0. 

It must be remembered that neither value is constant, but 
increases, as already pointed out, in ascending the series. More- 
over, the branched-chain when compared with the normal-chain 
paraffins exhibit a slight contraction which Le Bas estimates at 0-5 
units. 

Hydroxyl oxygen (0^) may be determined by a comparison between 
the paraffin and alcohol, mono- and poly-hydric alcohols or phenols, 
or again aldehyde and acid. None of these methods yield very con- 
cordant results ; by the first, the value for 0^ fluctuates between 5*9 
and 7-4. 



AlcohoL 


v« 


A 


v« 


Paraffin. 


CsH,OH 


81-4 


7-4 


74-0 


CsH, 


GfU.OH 


102-1 


6-1 


96-0 


C4H10 


CjHnOH 


128-7 


6-9 


117-8 


C3H1, 


CeH|,OH 


146-4 


6-6 


189-9 


C«H|4 


CtHuOH 


168-7 


6-1 


162-6 


CfH^g 



The lower members show even larger variations. 
By the second method A varies between 2*8 and 5-9. 



Alcohol. Vm 


A 


v« 




GlyooL 


C^HsOH 621 
CsHfOH 814 


28 
(4.0 
{2.8 


64.9 
864 
84.2 


C,H4(0H), 

GH,.CH.OH.CH,.OH 

CHjOH.CHj.CHaOH 


Phenol. 

• 


v« 


A 


v« 


Aromatic 
hydrooarbon. 


C.H4OH 
0. C«U«(^CH,)OH 


101-9 
121-8 
128-6 
128-8 


6-9 
8-6 
6-8 
6-6 


96 

118*2 

4 


CACOH.) 


y the third method A varies 


\ between 7 and 12. 




Aldehyde. 


v« 


A 


v« 


Fatty aoid. 


0,H40 
CsHfO 
dUfi 


66-7 

74-8 

9''-0 

118-2 


7-8 
10.6 
118 
11-8 


64 

85-3 
107-8 
180-0 


C.HA 
C,HeO, 

C»H,oO, 
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The value for 0( (ether series),^ as determined by Le Bas by a 
comparison between the ethers and the paraffins with an equal 
number of carbon atoms, varies between 9-9 for the methyl ether 
aeries and 11 -0 for the symmetrical series (L e. containing the same 
radicals attached to oxygen). A similar comparison in the phenolic 
ether series gives values between 7 and 12. 

Carbonyl oxygen (0'^) shows the same unexplained variationa 
By comparing the define, C„H2„, with the aldehyde, C^Hjn : 0, the 
values derived from two sets of observations gave 6*6 in the one 
and 8-3 in the other. The value of C/^ in terms of Hg is given 
by a comparison of alcohols with acids, or aldehydes, ketones, 
with paraffins. In the latter case the differences are so small as 
to lie within the limits of exx>erimental error, in other words, 
H, = O'' « 74. 



Aldehyde. 


v« 


Ketone. 


Ym 


Paraffin. 


v« 


CsH^CHO 


96 


OjHs.CO.CHa 


96.7 


^4^10 


96 


C4H,CH0 


118-2 


CsH^ . CO . CH, 


118-8 


CflHia 


117-8 


CjHiiCHO 


— 


C4H9 . CO . CHs 


140*1 


CfUxv 


1S9-9 



On deducting from the values of the fatty acids, C^H2„02» that 
calculated for nCHg, the value of (X^ + Cy =: 19-5 and is approxi* 
mately constant. The division of 19*5 between O^^ and O' is 
a matter of choice ; but assuming O^ » H2 => 74, that of (^ will 
be 12, values not very different from those proposed by Kopp. 
From this it would appear that if O' = Hg, O'^ » H3. Between 
fatty acid and alcohol in which (/^ replaces Hj there is also an 
excess of 2 to 7 units, except in the case of the first member, where 
there is a decrease of 1*6 units. 



AlcohoL 


Vm 


A 


v« 


Acid. 


GHsOH 


42*8 


-1-6 


41-2 


CHjOa 


CjHjOH 


62-1 


+ 1-9 


64-0 


CaH,0, 


C8H7OH 


81-4 


4-1 


85-8 


C,H.O, 


C4H9OH 


102*1 


5-7 


107-8 


CiHgO, 


C^HnOH 


128-7 


6-8 


180-0 


CftHjoO, 


C«HisOH 


146-4 


61 


152-5 


C.Hi,0, 


C7H15OH 


168-7 


5-9 


174-6 


CtH^O, 



As no constant values can be attached to carbon, hydrogen, and 
oxygen, it seems useless to attempt to derive a molecular volume by 
the summation of atomic volumes. The only profitable way of 
pursuing the subject seems to be to confine it to the examination of 

^ (y sz oxygen in hydrozyl ; 0( « oxygen in ethers ; 0'' «* oxygen in ketones 
and aldehydes. 



12 



PHYSICAL PROPERTIES AND STRUCTURE 



the values in similarly constituted compounds in which the elements 
possess similar functions. 

The Bthanoid Linkage and Bing Stmetore. The value of 
doubly linked carbon has been estimated by comparing the sum of 
the values of an define and saturated compound with the saturated 
compound corresponding to the sum of the elements of the other two, 
as, for example, C4HX0 + C4H3 and CgH^g. The differences here 
seem to be largely dependent on temperature. At 0^ the change 
from double to single linkage shows a shrinkage ; at the boiling-point, 
a comparatively small increment or decrement in different casea A 
similar result is obtained by examining the molecular volume in the 
define series. At 0° the mean difference for CHg is 15-9, but the 
molecular volume for O^H^n ^ much larger than n times the mean, 
whereas at the boiling-point, as already stated (p. 6), they are 
approximately the same. 

Another way of estimating the value of the double bond is to 
compare the paraffin with the corresponding define. 



Paraffin. 


M. V. 
at b. p. 


OleEne. 


M. V. 

at b. p. 


A 


Butane 


96*5 


Butylene 


89-9 


6-6 


Pentane 


117-8 


Amylene 


110-2 


7-6 


Hexane 


1400 


Hexylene 


182-4 


7-6 


Heptane 


162-6 


Heptylene 


154-8 


7-8 


Octane 


186*8 


Octylene 


177-6 


8-7 



The decrement of 7-6 to 9 would account for the difference of Hj, 
and hence the value of the double bond is nil. 

At the melting-point, on the other hand, a definite contraction for 
unsaturation is shown among a few of the higher olefines and 
acetylenes prepared by Krafft,^ amounting to - 2-66 for the define 
linkage and - 3-2 for the acetylene linkage. 

Bing structure may in the same way be estimated by comparing 
the values for the paraffins with those of the cycloparaffins at 0^'^ 



Paraffin. 


M.V. 
atO°. 


Cycloparaffln. 


M.V. 
atO^ 


A 


Butane 


96-0 


Gyclobutane 


79-0 


17-5 


Pentane 


112-4 


Cyclopentane 


9M 


21-3 


Hexane 


127-2 


Gyclohexane 


105-2 


220 


Heptane 


142-5 


Gyoloheptane 


118-0 


24-5 


Octane 


158-8 


Gyclo-octane 


130-9 


27-4 


Nonane 


174-3 


Gyclononane 


159-6 


14-8 



1 Bn-,, 1884, 17, 1871. 

s WilltstAtter, Bsr., 1907, 40, 8981. 
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Deducting the value for Hj (7-9 units) from the differences, it is 
clear that ring formation is attended by a considerable contraction. 

A similar result is obtained by comparing the defines and cyclo- 
paraffins at the boiling-point. 



Olefine. 


v« 


A for King. 


v« 


Oyoloparaffin. 


Piopylene 


66-6 


- 6-4 


60-2 


Cyclopropane 


Butylene 


88-8 


- 8-8 


800 


Gyclobutane 


Amylene 


110-0 


-120 


98-0 


Gyolopentane 


Hexylene 


132-5 


-IC-O 


116-5 


Cyclohdxane 


Heptylene 


154-8 


-20-8 


1340 


Gydoheptane 


Octylene 


177-6 


-2G-4 


151-2 


Cyolo-octane 



The amount of contraction varies with the size of the ring. 

In the case of the benzene hydrocarbons the contraction is 
approximately 15 for each benzene nucleus* 



Hydrocarbon. 


v« 


nx3-7 


A 


Benzene 


96 


110 


-16 


Toluene 


118-3 


183-2 


-151 


p-Xylene 


140-6 


155-4 


-14-9 


Meaitylene 


162-8 


177-6 


-14-8 


Naphthalene 


147-2 


177-6 


2 X -15-2 


Anthracene 


195-5 


244*2 


3 X -16-2 



From these values Le Bas estimates the value in benzene rings for 
C = 12*8, H = 3*2, whilst in hydroaromatic compounds the value is 
increased to H « 4. 



Hydrocarbon. 


v« 


A 


v« 


Cycloparaffin. 


Benzene 


96 


20 


116 


Gyclohexane 


Toluene 


118-3 


28-5 


141-8 


Methyl Gyclohexane 


1 . 8-Xylene 


140 


251 


165-1 


1 . d-Dimethyl Gyclohexane 


1.4- „ 


140 


24-6 


164-6 


■*■•*" »♦ »» 


Pseudocomene 


160-9 


26-1 


187-0 


1.2. 4-Trimethyl Gyclohexane 


Heaitylene 


162-8 


25-2 


187-0 


1.3.5- „ „ 



In calculating the theoretical value of the hydroaromatic hydro- 
carbons Le Bas ascribes the whole difference between it and the 
parent hydrocarbon to the additional hydrogen, which is repre- 
sented by three different values. Thus, in the case of hezahydro- 
toluene^ the calculated value is made up as follows : 



GeHfl-H 


96-8-2 


92-8 


H. 


6x4 


24-0 


CH, 


7x8-7 


2501 



141-8 



' The Talue given by Le Bas for a methyl group in the side-chain is obtained 
by deducting the Yp^ for toluene from that of phenyl, viz. 25*5. 
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Coiurtaiits Ibr Oxjgea. The various constants for oxygen in the 
hydroxy], aldehydes and ketones, acids, ethers, and esters, are 
tabulated by Le Bas as follows: 







Alkyl. 


Aryl. 


/ in OH (alcohols and phenols) 


6-4 


5-6 




in „ (acids) 


7-4 




0'^ 


in -OCH, 


91 


7-6 




in -OR 


9-5-11-0 


10-11 




I in esters 


7-4 




Q,, K in aldehydes and ketones 
( in acids 


7-4 




12-0 




o< 




7-4-11 





Constants for other Elements. The values calculated by Le Bas 
for the halogens are F = 8-7 ; CI = 221 ; Br = 270 ; I = 370, 
which do not differ greatly from those previously assigned by Kopp 
and Thorpe ; but they vary with the positiuu of the halogen atom as 
seen in the table of isomeric compounds. Sulphur is given as 
> S^' = 25-6 ; and S'^ = 21-6. In the case of the nitrogen com- 
pounds Le Bas's values are CN = 30*2 ; nitrogen 10-11 in the primary 
amines and 12-15 in the secondary and tertiary amines ; but all are 
subject to variation with environment. Where sulphur and niti'ogen 
form part of a ring there is contraction to the same extent as that in 
the aromatic hydrocarbons, as seen in the following examples : 



Benzene. 

(6CH) 8-7x30 111-0 
Benzene Vm 96'0 


Pyridine. 

(5CH) 3-7 X 25 

N 

Pyridine V,» 

Quinoline, 

C9H7 3-7 X 48 

N 

Quinollne Ym 


92-5 
12 


Ck>ntraotion — 15-0 


104-5 
89-5 






-16-0 


Naphthalene. 

C,oH« 8-7x48 177 6 
Naphthalene V^ 147-2 


159-1 
12 


-80-4 


171-1 
1400 






811 



To attempt, in the present state of our knowledge of molecular 
volumes, to elucidate structural formulae with any hope of success 
seems out of the question ; but the very fact that the molecular 
volume is so sensitive to constitutive influences holds out the promise 
of future utility not possessed to the same degree by any other 
physical property. 



MOLECULAR SOLUTION VOLUME 15 

IL MOLECULAR SOLUTION VOLUME i 

In order to remove the disturbing effects of association or the 
formation of molecular aggregates, to which the irregularities in 
molecular volumes have been ascribed, Traube introduced the 
method of estimating molecular volumes in dilute solution, in 
which it may be supposed the molecules are present in the un- 
associated state. If we consider a quantity of solution containing 
one gram-molecule of dissolved substance, it is evident that the 
▼olume occupied by the substance is equal to the volume of the 
solution less the volume of the solvent, provided (and this is by no 
means probable) the whole change in volume is due to the solute. 
This is expressed by the following equation : 

^"^ d 8 ' 
in which m is the molecular weight in grams of the solute, I the 
amount of solvent corresponding to the gram-molecule of solute, 
and d and 8 the densities of the solution and solute respectively. It 
is called the molecular solution vdwme. 

If the density of the solvent in the solution is the same as that of 
the pure solvent, it is clear that the result will give the molecular 
volume of the substance, and in certain solvents this appears to be 
the case. As a rule, especially in water, methyl alcohol, &c., there is 
a considerable contraction on solution. 

Traube, in the course of a long investigation in which he deter- 
mined the molecular solution volumes of a large number of organic 
compounds (non-electrolytes) in dilute aqueous solution, found that 
the effect was additive. By the differential method, already described 
in the foregoing section, for ascertaining atomic volumes, he was 
able to assign mean values to the atomic solution volumes of the 
individual elements. These values vary in different compounds 
according to their manner of combination and the nature of the com- 
pound, but the variations, in the case of carbon, hydrogen, oxygen, 
and the halogens, fall within narrow limits. The following table 
embodies Traube's results : 





At 15* 




At 15* 


CUa 


161 


IfW 


1-5 


C 


99 


N(CN) 


8-3 


H 


,8-1 


NCNO,) 


8-5-10-7 


O'(CO.OH) 


0-4 


Cyclic fonnation 


-81 


O'(OH) 
0''aiidO< 


2-8 


Doable bond 


-1-7 


5-5 


Treble bond 


-8-4 


S(SH) 


16*6 


Benzene ring 


-18-2 


CI, Br, I, ON 


18-2 


-[-8-l+(8x 


-1.7)] 



1 I. Tranbe, Ahrens* VorW&gt, 1899, 4, 255. 
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If the yalue calculated from the atomic volumes for a non- 
electrolyte in dilute aqueous solution is compared with the observed 
result, the former is found to be less by a nearly constant amount, 
namely, 124 c.c For example, the calculated value for methyl 
alcohol in water is 9-9 + (4 x 3*1) + 2*3 » 24*6, the observed value is 
37, or a difference of 124 c.c. This difference is termed by Traube 
the molecular co-volume. The following co-volumes were obtained for 

a series of alcohols : 

Co-vol. Co-voL 

Methyl alcohol 12*4 Isoamjl alcohol 12-2 

Ethyl „ 121 Allyl „ 12-7 

Propyl „ 12-4 Ethylene glycol 18-1 

Isopropyl „ 11*9 Glycerol 12*8 

Isohutyl „ 11-9 Erythritol 12-6 

I^ instead of water, the substance is dissolved in an organic 
solvent, the observed value for the molecular solution volume 
approaches more or less closely to that of the molecular volume of 
the pure substance. As the value is higher, there is consequently 
less contraction than when dissolved in water. The following 
examples will make this point clear: 

^ in water. in benzene. 

Ethyl alcohol 62-8 68->68-2 58*1 

Acetone 66-8 72-7-72-8 72-9 

Acetoacetic ester 117-6 124-9-127-3 1270 

As the constants for the elements are calculated with water as 
solvent, it follows that the co-volume for substances dissolved in 
organic solvents, or in the pure state, must be greater than 124, 
provided they are not associated in solution. In such cases the 
co-volume varies between 23 and 27-5 in different classes of com- 
pounds. 





atO° 


Paraffins 


28-9-25-3 


Olefines 


250-27-6 


Aromatic hydrocarbons 


281-24-4 


Esters 


22-6-26-8 


Alkyl ethers 


241-27-5 



Excluding the lower values, usually given by the initial members 
of a homologous series, the mean co-volume for the normal hydro- 
carbons is 24-5 C.C. at 0^ and 25-9 c.c. at 15^ In other series where 
association occurs, especially among hydroxy compounds, lower values 
are obtained. 

The larger total contraction in aqueous solution is ascribed by 
Traube to two causes. The contraction of 124 cc, which may be 
taken to be common to all solvents as well as to the pure substances, 
is supposed to correspond to the factor v— b in van der Waals' 
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equation^ that ia, the space in which the molecules move. The 
additional amount, 18-5, is ascribed by Traube to osmotic pressure 
in aqueous solution or the attraction of the solute for the solvent. 

The value was obtained by comparing the aqueous solution of a 
very slightly ionised acid with its completely ionised sodium salt. 
The contraction due to ionisation, ie. the formation of two ions 
from one molecule, was 15 c.c, or allowing for the replacement of 
hydrc^n by sodium (1-5) » 13.5 cc 

This value must therefore be added to the molecular solution 
co-volume in aqueous solution in order to obtain the molecular 
co-volume of the pure substance or of its solution in an organic 
solvent. 

The method, although giving fairly concordant results in aqueous 
solution, shares some of the disadvantages of the molecular volume 
method, namely, the wide variation in the values of certain elements, 
according to their environment. Li solvents other than water (in 
which, it may be added, the bulk of organic substances are practi- 
cally iosoluble) the fluctuations are still larger and less trustworthy. 
Nevertheless, Traube ^ has applied the method with some success to 
following the dynamic isomerism in tautomeric compounds. The 
molecular volume of acetoacetic ester was ascertained, as well as its 
solution volume in various solvents. After an interval of several 
hours the substance and its solutions were again examined and the 
changes observed. The calculated molecular solution volume in 
water for the enol form is 116-1, for the keto form 117*56. The 
aqueous solution gave 117-16 and, after standing twenty hours, 1 17-56. 
The substance is therefore present in the keto form. In most of the 
other solvents used, excepting chloroform, theie was a slight fall 
in value. In the case of formylphenylacetic ester, the solution in 
water, methyl alcohol, and acetone showed a diminution in molecu Jar 
solution volume, that is, a change in the direction of the enol form 
(C — 2-8), the solution in ethyl acetate and benzene an increase, or 
change to the keto form (0'^ « 5-5) (see p. 845). 



III. REFRACTIVIXy 

When a beam of light passes from air into a denser medium it is 
i^efeacted, and the index of refraction is that number which gives the 
ratio of the sine of the angle of incidence to that of the angle of 

» Ber., 1896, 29, 1715. 
FT. II C 
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refraction. If i and r (Fig. 1) axe the angles of incidence and refrao- 
tioD, the index of refraction n ia given by the expreBsion, 



or if ab and cd are perpendiculars drawn iiom the ends of the radii 
6b and oc to the line ad, the above ratio is given by the ratio of the 
lengths of the lines ab/cd. 

This ratio is, in other words, the relative rate at which light travels 
through the two media. The value for light passing from a vacuum 
is slightly higher than irom air, and the ratio is then called the 
' absolute ' index of refraction ; but the correctioD is rarely made. 

The index of refraction further depends on the temperature of the 




Fie. 1. Fill. 2. 

liquid and on the kind of light, being smallest for the red and 
largest for the violet of the visible spectrum. 

In the Pulfrich refractometer, which is the one commonly employed 
for delicate measurements, the light is focussed on to the liquid con- 
tained in a small glass cylinder cemented on to a carefully ground 
glass prism, as shown in the diagram. Fig. 2, 

The glass, which is a denser medium than the liquid, causes refrac- 
tion and, if the index of refiraction of the glass is known, that of the 
liquid can be ascertained. 

If a beam of light is allowed to enter the liquid at any angle it will 
be refracted on passing through the prism, as indicated by the 
dotted lines, and will be refracted a second time on passing into air. 
The angle which the refracted beam makes with the vertical will 
increase as the incident beam approaches the horizontal and will 
reach a maximum when it enters parallel to the interface of liquid 
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and prusm. Beyond that it will undergo total rejQection from the 
under surface of the prism. In the Pulfrich refractometer the 
source of light is so adjusted as to pass horizontally between liquid 
and prism and as it emerges is received into a telescope attached to a 
movable disc furnished with a scale graduated in degrees and minutes 
and a vernier by which the angle of refraction can be measured. 

The index of refraction N of the glass being known, that of the liquid n may 
be determined as follows : at maximum refraction la » /r. 

N sin 90° ^ N sin a 

and rr 



n sinr 1 sin Q90°-.r) 

In order to eliminate r, we have 

sin a ,, sin a 

= JV^ or cos r * — —— 

cos r N 

cos'r + sin'r  1 and sin r — Vr^oo?r 



Vsin" a 



■othat n-.y/yi-!5^,^j^_8in«a 

The Talue of ^ is usually furnished with the instrument, and tables are also 
supplied from which the index of refraction may be directly read oif from the 
observed angle. 

As light of different wave length is differently refracted, it is 
usual to employ monochromatic light of the sodium (Nao), lithium 
(Li), or thallium (Tl) spectrum, or the red (HJ, blue (H^), and violet 
(Hy) lines of the hydrogen spectrimi of a G^issler tube. The instru- 
ment is shown in Fig. 3. It consists of a glass prism, i, which, 
except on the face nearest the telescope, is enclosed by a metal jacket 
Above it is cemented the glass cell containing the liquid undei 
examination. 

The light which emerges from the prism enters through a slit in 
the side of the telescope, where it falls on a reflecting prism, which 
transmits it parallel to the axis of the telescope to the eyepiece. The 
telescope e is clamped to a movable and graduated disc d by 
which the angle of refraction is measured. Other important parts 
of the instrument are the cooling-jacket s, the arrangement of which 
is shown in greater detail in Fig. 4, the condenser p for fociissing the 
light, and the fine adjustment a connected with the graduated circle. 

Although among organic substances the differences in refractive 
index £ftll within comparatively narrow limits (1*8-1'7), it is possible 
by means of the above instrument to read with accuracy to the 
fourth decimal. Moreover, estimations may be carried out rapidly 
with quantities of not more than three grams of material, so that^ 

o2 
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as far as precision and rapidity of manipulation are oonoemedy the 
method leaves little to be desired. 

As the refractive index is largely influenced by density, it is 
necessary to find an expression which will eliminate this variable 
factor. By dividing by the density (water being taken at 4^ the 
masses of different substances in unit volume will become equal, and 
by further deducting the constant, unity, for the refractive index of 
air, the following expression is obtained. 

n-1 

The expression actually represents how much the refractive index 
of different materials of unit concentration is greater than unity. It 
was deduced empirically by Gladstone and Dale ^ from observations 
begun in 1858, and is termed specific refractive index or specific rejrao 
timty. It is indicated by the letter r. 

A second formula, based on Maxwell's electromagnetic theory of 
light, was proposed simultaneously by H. A. Lorentz of Leyden 
and L. Lorenz of Copenhagen in 1880.* 

^^-JL 1 

^ n^ + 2'd 

What is known as the molecular refractivity is obtained by 
multiplying the specific refractivity by the molecular weight (m) of 
the substance. The above two formulae will then become 

M « — T- • ^ 
a 

»H2 d 

No definite conclusion has been reached as to which of the two 
expressions is the more trustworthy. Although English chemists 
as a rule employ the Gladstone-Dale or n formula, modem in- 
vestigators on the Continent, where the bulk of the work in 
recent years has been carried out, adopt the Lorentz-Lorenz or n^ 
formula. 

On account of the preponderating amount of data which are 
calculated from the ifi formula and to avoid the confusion which might 
arise by introducing two sets of figures, we have used this formula 
throughout. Moreover, it is claimed that the n' formula is inde- 
pendent of temperature, pressure, and state of aggregation. Which- 
ever formula is used the temperature correction is so small as to be 

1 PhiL Trans., 186S, 148, 887. 

* See Nernst, Thewetieal Chemistryj 6th edition, p. 811. MucmillaiL 



1 



EEFRACTIVITY 21 

negligible, provided of course that the density of the substance 
under observation is accurately known.^ The specific and molecular 
refiactiyities for different wave lengths are indicated by writing the 
symbol for the spectrum line below that of the element or M ; thus 
Hfgf Noj^ Mfjf;, Mjyf &c., represent the specific and molecular refractivi- 
ties of the hydrogen a line and sodium d line. With a refractivity 
reading to the fourth decimal, the error in the molecular refraction 
of snbstance of molecular weight about 100 will lie within + 0*2. 

Although a few early observations on the refractivity of organic 
compounds have been recorded at different times, the first systematic 
study of the subject was begun by Gladstone and Dale, who published 
their first paper in 1858 and supplemented it by a more elaborate 
contribution in 1863.* 

They determined the refractivity of a certain number of homo- 
logons and isomeric substances and showed that, if in a series of 
isomeric substances the mode of combination is the same, the 
refiractivities are identical. * Every liquid has a specific refractive 
energy composed of the specific refractive energies of its component 
elements modified by the manner of combination and which is 
unaffected by change of temperature.' They thus discovered the 
effect of constitutive differences. In the following year, Landolt^ 
published a series of very accurate determinations in which the 
views of Gladstone and Dale on the refractive identity of isomeric 
&tiy acids and esters were confirmed, and from his results the 
refractive values for carbon, hydrogen, and oxygen were estimated. 
Gladstone* in a later paper showed that elements having a ' lower 
atomicity * or, in other words, unsaturated atoms, possess a higher 
refractivity than when saturated. Since 1880 the subject, more 
espedaUy on its constitutive side, has been actively developed by 
J. W. BrOhl, who has added largely to the material collected by 
the first observers and has applied it to the study of many structural 
problems, which will be presently discussed. 

In the following pages we have reproduced only such experimental 
data as serve the purpose of useful illustration. The values for the 
atomic refractivities have been collected and tabulated by BrUhP 
from observations of Landolt, Kannonikoff, and himself. 

ZiMnneoeio Componjids. It has already been stated that among 



1 PkO. Trans,, 1868, 158, 828. * JPftO. Trana.y 1858, 14ft, 8 ; 1868, 168, 828. 
> Pogg., Afmalm, 1864, 128, 505. * Tram. Chem. Soc, 1870, 28, 147. 

« ZiU. phytUe. Ckan,, 1891, 7> 1^0. 
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similarly constituted isomers, the refractiyities were found to be 
identical.^ The following table will illustrate this point and will at 
the same time indicate the kind of magnitudes which are obtained. 
The second colunm gives the specific refractiyities for Ha* The 
figures in the third column are obtained by multiplying these 
numbers by the molecular weights, and therefore any error in the 
specific refractivity will vary in proportion to the molecular weight. 
The figures in the fourth column are differences in the molecular 
refractiyities of the red Ha and yiolet Hy lines in the hydrogen 
spectrum and giye the amount of molecular dispersion, to which 
reference will be made later (p. 40). 





Ha 


Ma 


MyMa 


Propyl alcohol 


0.2908 


17.42 


0.41 


iBopropyl alcohol 


0.2907 


17.44 


0.42 


Propyl aldehyde 


0.2747 


15.98 


0.41 


Acetone 


0.^,767 


16.05 


0.43 


Propionic acid 


0.2854 


17.42 


0.42 


Methyl acetate 


0.2487 


18.08 


0.44 


Ethyl formate 


0.2428 


17.98 


0.44 


Butyl alcohol 


02974 


22.01 


0.52 


Isobutyl alcohol 


0.2967 


21.96 


0.51 


Trimethyl carbinol 


0.2986 


22.09 


0.58 


Ethyl ether 


0.8015 


22.81 


0.55 


Butyl iodide 


0.1807 


88.25 


1.26 


iBobutyl iodide 


0.1807 


88.25 


1.26 


Iflooaproic acid 


0.2691 


81.22 


0.77 


laoamyl formate 


02729 


81.66 


0.77 


Ethyl butyrate 


0.2690 


81.20 


0.75 


Methyl isoyalerate 


02712 


81.46 


0.78 


o-Xylene 


0.8850 


8551 


1.52 


ffi-Xylene 


0.8870 


85.78 


154 


p-Xylene 


0.8868 


85.70 


1.56 


Ethyl benzene 


0.8848 


85.44 


1.50 


Pseudocumene 


08868 


40.85 


1.69 


Mesitylene 


0.8861 


40.88 


1.68 



StareoiflomerB. From the identity in the refractiyities of iaomerie 
compounds of such different characters as esters and acids, or 
alcohols and ethers, it seems improbable that spatial differences 
would assert themselyes in a more conspicuous fashion. Neverthe- 
less small differences haye been obseryed among geometrical isomers 
though not among optical isomers. Maleic and fumaric acids 
according to Brflhl show a difference of 0-67 units, and allocinnamic 
and cinnamic acid of 1*1 units in the molecular refractiyity. In 
both cases it is the trans form which has the higher refractiyity. 

Another example is that of the isomeric dibenzoylethylenes, the 
eis form giying Ma — 74 and the trans Ma — 71*8, a fact which has 

1 Brllhl, J, prakt. Chem., 1894, 60, 152. 
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been explained by a tendency for the cis modification to pass into the 
peroxide form.^ 

Somologoiu Series (constant for CTSs). The value of GHg has 
been determined from the molecular refractivities of a number of 
homologous series comprising 180 compounds. In each case the 
value for each series was obtained by Brtlhl by subtracting the first 
term from the last of the series, the first but one from the last but 
one, and so on, and then multiplying each of these differences by the 
number of GH^ groups included between the selected members. 
The sum of the resulting numbers was then divided by the total 
number of CH^ groups present. The same method was applied to 
other series. In this way it was assumed that the proper weight 
was given to the experimental values in the different series.' 



Hydrocarbons 
Aldehydes and 

ketones 
Acids 
Alcohols 
Esters 



Number 

in 
series. 


^a 


Nav 


Sfi 


Ey 


S$-^a 


/r.y"— J3{j 


66 
92 


4.60 
4.60 


4.62 
4.62 


4.67 
4.67 


4.72 
4.71 


0.072 
0.069 


0.118 
0.112 


74 

81 

190 


459 
4.61 

4.58 


4.61 
4.68 
4.60 


4.66 
4.68 
4.65 


4.71 
4.72 
469 


0.071 
0.070 
0.069 


0.115 
0.112 
0.111 


603 


4.59 


4.62 


4.66 


4.71 


0071 


0.118 



Mean 



The mean value obtained for GH2 (Ha) by BrQhl was 4*57, that 
previously found by Landolt ' from a smaller number of observations 
was 4*56, whilst the recalculated value obtained by Eisenlohr is 
4*59. Although these numbers are in substantial agreement, and 
the values in the different series only fluctuate between 4-58 and 
4-61, individual observations from which the above are taken show 
differences which lie much wider apart, namely, between 4*11 and 
4-86. These fluctuations are not due to errors of observation in the 
specific refractivities, which can be determined with accuracy to the 
fourth decimal and would, therefore, not affect the first decimal in 
the molecular refractivity with a molecular weight up to 200. The 
differences must, then, be due either to impurities in some of the 
compounds examined, which might have a marked effect on the 
refractivities^ or to the structural environment of the groups in 

• 

' Smedley, Trana, Chtm. Sac., 1909, 95, 266. 

* The values given by BrQhl (J. prakt. Chem,, 1894, 60, 154) inrere recalculated by 
Eisenlohr (Zetl. I^Ays. CA«m., 1910, 75,585) and are given in the above table. The 
refractivities for the complete set of wave lengths have been estimated by 
interpolation where any have been omitted. 

* AftnolMi, 1882, 218, 75. 
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question. BrUhl and Wallach have indeed suggested that there are 
small structural differences peculiar to each compound which affect 
each atom in the molecule. It has also heen pointed out hy Landolt * 
and Eykman ' that there exist certain irregularities among the initial 
members of a homologous series, but, seeing that these values are 
lower than the mean, it would not account for the higher abnormal 
values in certain series. 

The Oonstants for Carbon^ Sydrogeny and Ozsrgen. The value 
for doubly linked oxygen (O'O '^^ obtained by deducting the 
calculated value for (CHgln from a series of aldehydes and ketones 
which gave a mean of 2-82. The value for hydroxyl oxygen {(Y) 
was determined by the difference between aldehydes and acids, 
mono- and poly-hydric alcohols, and also between acids and hydroxy 
acids. The mean in this case was 1*50. It will be noticed that 
the increment for the doubly linked oxygen is plac^ed to the account 
of the oxygen atom exclusively, and not to the double bond, as in 
the case of the ethenoid linkage to be presently referred to. The 
constant for ester oxygen (00 was derived from the observed value 
for the aliphatic esters by deducting the calculated value for n{CH^(y 
and gives a mean of 1-65. The constant for hydrogen was obtained 
by deducting the calculated values for n(CH2)0' from alcohols, 
n{GR^O(, from esters, or n{CIi^ from paraffins. The mean for Hj 
is 2*2, and by deducting this number from the value for the CH, 
group (4*67) that of carbon, 2*87, is obtained. 

Coutaat for the Donble Bond (C=C). Unsaturation, as Oladstone 
first pointed out, raises the refractivity. By deducting the constant 
for saturated carbon from the observed value, Brtlhl and Gonrady 
were able to assign a value to the double bond (f^) which varied in 
dijfferent compounds from 1*68 to 2*17, the mean being 1-83. The 
variation is larger than that observed in the case of carbon, hydrogen, 
and oxygen, and, according to Eykman,' increases with the number 
of radicals attached to the doubly linked carbon atoms, which he 
determined as follows : 

No radicals (ethylene) 1-61 

One radical (& . CH : CH,) 1.60 

Two radioalB (RCH : GHR) 1*75 

Three radicals (R,G : CHR) 1 -88 

Four radicals (RjO : OR,) 2-00 (circa) 

^ Pogg., Annalmt 1864, 128, 695. 

s Rec Trav, Chim. Paya-Bas, 1898, 12, 160, 248 ; 189i, 18, 18 ; 1895, 14, 185 ; 
1896. 15, 82. 
s W^ekUad, 1906, 8, 706. 
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The data available for the treble linkage are few, and the results 
show a wide divergence, the mean being fixed by Mouieu^ at 
abont 249. 

Cronstant for the Eali^ena. The refractivities of other elements 
have been determined in the same manner as those already discussed, 
namely, by estimating differences between the observed refractivity 
and that calculated or observed for the unsubstituted compound. 

Generally speaking, the univalent elements (the halogens) show 
the most constant, whilst among multivalent elements (nitrogen, 
sulphur) the amoimt of variation admits of no definite constant being 
assigned, the value changing considerably in different classes of 
compounds. Even in the case of chlorine there is a certain amount 
of fluctuation, which appears to depend not only on the presence of 
the halogen atom but also on its environment. 

The following table gives a list of the refractivity constants of the 
commoner elements for the Ha and Naj^ lines, and also the maximum 
and minimum deviations determined for the Ha line. The second 
table gives Eisenlohr's recalculations along with the interpolated 
values for the H^ and Hy lines and the dispersivities for H^-^Ha 
and Hy-Ha.^ 



Element 




J^a 


Na^ 


Max 


ima and Minima 






(Brflhl) 


(Conrady) 


ITa 




Carbon C 




2.87 


2.50 




2.81— 2.47 




Hydrogen H 


1.10 


1.05 




1.08— 1.15 




Oxygen C 




1.60 


14S2 




1.88— 1.62 




;; S^ 




1.65 


1.68 




1.50— 199 






2.82 


2.28 




2.21— 2.51 




Ohlorine Gl 




6.01 


599 




562— 687 




Bromine Bi 


t 


8.86 


8.92 




8.64— 9.06 




Iodine I 




18.80 


14.12 




18.58—18.91 




Double bond |** 


1^ 


1.70 




1.68— 2.17 




Treble bond » 


2M 


2.10 




2.00— 2-60 1 


{circa) 


Element. 


Sa 


Na^ 


H0 


Hy 


JST/S-Ho 


Hy—Ha 


Carbon C 


2-41 


2-42 


2-44 


2*46 


0025 


0*056 


Hydrogen H 


1-09 


100 


Ml 


1*12 


0-028 


0*029 


Oxygen 0' 


1-62 


1-62 


1-58 


1*54 


0006 


0*015 


:: S> 


1-64 


1-64 


1-66 


1*66 


0012 


0*019 


218 


2-21 


2*24 


2-26 


0*057 


0*078 


Chlorine CI 


6-98 


5-96 


6.04 


610 


0*107 


0*168 


Bromine Br 


8-80 


8-86 


900 


9-15 


0*211 


0*840 


Iodine I 


18*75 


18*90 


14*22 


14*52 


0*482 


0*775 


Double bond |~ 


1*68 


1.78 


1*82 


1*89 


0*188 


0*200 


Treble bond |S 


2-88 


2-40 


2*50 


2*58 


0*189 


0*171 



It will be seen that the differences between the recalculated values 
and those given by BrQhl and Conrady are in most cases incon- 
siderable. 

1 Afin. Chim. Phft., 1906 (8), 7, 586. 
* ZciLpkiirik. OmL^ 1910, 75, 585. 
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Constants for ITitrogen and Sulphur. The values for nitrogen 
have been determined by Brtthl,* who, from an enormous mass of 
material, has compiled the following constants for nitrogen in 
different classes of compounds: 

Group. Ha Nar, ^*- *^^ ^"*' 

Ba 

Hydroxylamines 2-83 2-48 8 examples 

Hydrazines 2-82 2-47 2-17— 2-45 

Primary amines 2-81 2-46 2-19— 2-45 

Secondary ,, 2-60 2*65 2-40— 2-88 

Tertiary „ 2-92 8-00 2-71— 2-88 

Prim. arom. amines 8*01 8*21 2*98— 8*12 

Second. „ ,, 8-40 8*59 2-25 — 8*47 

Tert. „ „ 410 4-86 8-19~4-41 

Aliph. nitriles 8-17 8-06 801— 8-88 

Arom. ,, 8-82 8-79 8-79— 8-91 

Aliph. oximes 8-92 8-98 8-79~4*10 

Arom. yj — — 4*68— 6*86 

Formamide 2-54 2-66? 

Second, amides 2-28 2*27 2-10 -2-88 

Tert. „ 2-68 2-71 2-d8— 2-87 

For the groups containing nitrogen in different forms of combina- 
tion the following vidues were obtained : ' 

Max. and Him 

NUro group, NO, H^ Na^ Ha 

Alky] nitrates 7-65 7-69 7-46— 7-S8 

„ nitrites 7-87 7-44 7-28-7-48 

Nitroparafflns 6-65 6*72 6*48-6-77 

Arom. nitro-compounds 7*16 7*80 7-09 — 7-25 

Nitramines, lary and 2ary 7*46 7*51 7-10— 7*60 

NUroso group. NO 

Nitrosaminea 6-87 6-87 5-21~6-56 

Nitrites 5*91 6-91 8 examples 



K 



Diaso group, 

N 

II 8-41 8-48 



^N 

— N< II 7-52 7-47 

^N 

The molecular refractivity of the azo group, according to Duval,' 
shows a constant increment above the calculated value of about 
12 units for the lithium line, which he ascribes to the recurrent 
series of double bonds, producing, as they are known to do, an increase 
or exaltation in the value (see p. 28). 

The values for sulphur depend, like those of nitrogen, on its mode 

1 ZeU.physik. C?u-m., 1895, 16,479; 1912, 79, 1. 

* ZeiL phyiik, CUm , 1898, 26, 647. • BuU, 3oc. Gfttm., 1912 (4), 17. 
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of combinatioiiy and show wide divergence. Naaini ^ has accumulated 
a certain amount of data by examining aliphatic mercaptans and 
sulphides, from which he derived the constant for S^, Ha » 7*87, and 
carbon bisulphide, which gave for S'^ the value Ha = ^'(^» More 
recently Price and Twiss ' have made some fresh observations and 
recalculated the values obtained by Nasini and others. They give 
the following values to sulphur : 



Group. 


Ha 


Noj, 


H& 


^7 


Hfi-Sa 


H^^Ha 


In mercaptans 
„ sulphides 
,y thiocyanates 
,, disulphides 


7-68 

7-86 
7-86 
8*05 


7-69 
7-97 
791 
811 


7-83 
818 
808 
8-28 


7-98 
8*28 


0-20 
0-28 
0-23 
0-28 


0-85 
048 



In xanthateSy thiol carbamates, and other groups in which doubly 
linked sulphur occurs, the constant is much higher. 

Bing Fonnatioii. The influence of simple ring formation in 
saturated hydraromatic compounds is so small as to lie within 
errors of observation, at least among the members containing more 
than five carbon atoms in the ring. Cyclopropane, cyclobutane, and 
their derivatives exhibit a slight increase above the calculated value, 
varying from 048 to 1*24 units, 'as shown by Tschugaeff,' who 
has utilised this fact in order to establish the bicyclic structure of 
thujone and its derivatives, which show a steady difference of 
about Mj^ « 067. 

Thujone. 
CM • CH3 

Hc/Nco 



JlfDobs. 44-78 
+ 067 



,cl\jc] 

C 

CHCCHa), 

Oestling* from a larger number of data has found nearly the 
same increase in value for the cyclopropane compounds, namely, 
Mj^ = 0-71, and for cyclobutane derivatives, Mj^ « 0-48. An in- 
crease of the same order has also been observed by Semmler^ in 
the case of sabinene and other bicyclic structures. 

Aromatio CSomponnds. Benzene and its simpler derivatives give 
normal values when calculated on the basis of three ethenoid linkages. 

> Ber., 1882, 16, 2888. ' Trans. Chem. Soc, 1912, 101, 1259. 

' Bar., 1900, 88, 8125. « Trans, CUm. Soc, 1912, 101, 467. 

» Bar., 1907,40,1120. 
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Substanoe. 


obs. 


oale. 


My— I 


Benzene 


26-98 


26-25 


1-18 


Toluene 


80-79 


80-89 


1-86 


Ethyl benzene 
Phenol 


85-44 
27-76 


85-87 
27-82 


1-60 
1-80 


Benzyl alcohol 
Chlorobenzene 


82-28 
80-90 


82-81 
81-22 


1-87 



Some of the more complex hydrocarbons give yalues much in 



excess of the theoretical. 



obs. 



calc 



Naphthalene 


48-98 


41-66 


2-28 


Anthracene 


61-15 


6616 


6-00 


Phenanthrene 


61-59 


66-99 


4-60 



Optical Anomaly. Briihl's value for the ethenoid linkage was 
based upon the refractivity of compounds containing one or two 
pairs of double bonds ; but he has since made it abundantly evident 
that the relative position of the double bonds, where more than one 
pair is present, greatly influences the result.^ This applies not only 
to pairs of ethenoid linkages, but to combinations of ethenoid and 
carboxyl linkages. Where they occur in juxtaposition or are coiu 
jugated (Part I, p. 132) they reinforce or exalt one another, raising the 
refractivity and producing what has been termed optical anomaly or 
exaltation. Where they possess a carbon atom in common, C : G : G, 
or are cumulatedy or when separated or isolated, they give normal or 
nearly normal results, and the same is true of compounds with three 
isolated double bonds.' The following examples will illustrate the 
points referred to : 



obs. 

28-77 
24-84 
29-87 
80-68 



calc. 

28-89 
24-89 
28-89 
28-62 



EM^* 



-012 
-0-05 
-fO-98 
+ 2-06 



Diallyl GH, : CH . CH, . OH, . OH : CH, (isolated) 
Valerylene (CH|)2G : G : GH, (cumulated) 
Isodiallyl GH, . GH : GH . GH : GH . GH, (conjugated) 
Hezatriene GH, : GH . GH : GH . GH : GH, (twioe con- 
jugated) 

The difference between diallyl and isodiallyl is very striking, and 
still more that between diallyl and hexatriene. 

A combination of isolated and conjugated ethenoid linkages and 
carbonyl groups produces a similar effect. 



» Ber., 1907, 40, 878 ; 1908, 41, 8712. 

* Auwers and Moosbrugger, AmuOen, 1912, 887, 167. 

' As exaltation is a differential effect and has no fixed value, Auwers calculates 
the difference on the speciilc refractivity x 100 in place of the difference in 
molecular refractiyity, which changes with the molecular weight. The former 
is called the tp^cific exaltation to distinguish it from the latter or molecular exalttUion^ 
and the two are denoted by the symbols J^ (specific) and EM (molecular) 
respectively. We have, as a rule, given the molecular exaltation* 
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obs. calo. 

Crotonaldehyde OH, . CH : CH . CH : O 21-29 20-24 +1-05 
Mesityl oxide (CH,),C : CH . C(CH,) ; O 80-18 29-89 + 0-74 

That such anomalies occur is not altogether surprising in view of 
the chemical peculiarities of conjugated systems^ to which attention 
has already heen drawn. A similar effect of conjugation has been 
observed in the magnetic rotation, which also exhibits exaltation 
(p. 53). 

No anomaly has been noticed where carbonyl groups are asso- 
ciated/ but pairs of trebly linked or doubly and trebly linked atoms 
show exaltation as in the preceding examples.' 

obs. calo. 

Amylpropionitrile GeHuC : G . : N 88-40 86*71 + 1-69 

Cyanogen G:N.C:N 12-26 11-08 -hMS 

Ethyl propiolaie CH • G . C : O . OCaHs 25- 1 2 24-62 -i- 0-50 

If, on the other hand, the multiple bonds are isolated, the value is 
normaL 

Ethyl acetylene propionate obs. calc 

CH : CH . CH, . CH, . C : O. OCH* 88-82 88-79 + 0-08 

Turning now to the aromatic compounds, optical anomaly has not 
been observed in benzene nor among its simpler derivatives (p. 28). 
It is certainly remarkable that the exaltation exhibited by hexatriene 
should not have been reproduced in benzene, and although the 
normal value for the three double bonds in benzene was originally 
cited in favour of Kekul^'s formula for that substance, the discovery 
of the phenomenon of exaltation has tended to throw the weight of 
evidence into the opposite scale, that is, in support of the centric 
formula.' But Willst&tter's later discovery that cyclo-octatetrene, in 
spite of normal refractivity, contains four true ethenoid linkages 
must neutralise to some extent the effect of the previous observations. 

HC CH 

HC/ ^CH 

CH 



'\. 



y 



HC CH 

Cyclo-octatetrene. 

* This may be due to the fact that the simplest compounds of this type, such 
88 gljcaul and dimetbylglyozal, are too unstable to be investigated, and the 
refractivities of bodies like oxalic acid are modified by the influence of adjoining 
groups. 

< BrQhl, B^,y 1907, 40, 1168. * Smedley, Trans, Chcm. Soc., 1908, 93, 883. 
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Exaltation, however, asserts itself where conjugation of the 
aliphatic type exists either in relation to nucleus or side-chain, and 
then with increased effect the greater the number of double bonds 
and the closer their proximity to the nucleus. 

In the first place a double bond has a greater value outside than 
within the nucleus- ' 



< 



V 



CH, 



Jf,^ 



SIS 



cole* 

t=CH2 

82.26 81.88 




< 



^CHa.CHs <^ 



\=CH.CH8 



86.62 



86.82 



86.48 



+ 0.48 



+a89 



^^-CH3 ^>=CH, 



48.86 



44.01 



4868 



+0.88 



obs. 


ATd 
calc. 


EMd 


48-2 


47-7 


+ 0-5 


49-2 


47-7 


+ 1-6 


45-9 


45-8 


+ 01 


47-6 


45-8 


+ 1-8 



The value is also greater the nearer the double bond lies to the 
nucleua 



Eugenolc CH,0 . CeH4 . CH, . CH : CH, 
Isoeugenole CH,0 . C^K^ . CH : CH . CH, 
Safrole CHA . CjH, . CH, . CH : CH, 
Isosafrole CH,0, . CgH, . CH : CH . CH, 

The formula originally assigned by Klages to dihydro-ni-xylene, 
in which both double bonds were placed in the nucleus, has been 
modified in consequence of its abnormally high refractivity, one 
ethenoid linkage being transferred to the side-chain. The view has 
since proved to be correct on chemical grounds. 

C . CH3 CH 

•CH3 



H,q^\cH 



H. 



c/ 



:CH, 



OUi 



H,d 







CH3 
C:CHa 



HjCX y^C . VXX2 

CH2 

CH 

Dihydro-m-zylene. Camphene. 

For similar reasons Auwers has suggested the above formula for 
camphene. 



1 Wnllacb, Anndlen, 1908, 360, 34 ; Auwers and ElUnger, Annalen, 1912, 
887, 200. 
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Among ibe hydraromatic compounds of established purity, sylves- 
ixene and phellandrene (Part III, pp. 201, 208) afford an interesting 
comparison, for the' former with its isolated double bonds shows a 
normal result^ whereas the latter exhibits exaltation.^ 

CH3 

Gale. Ma 
CioH,.r, - 44.97 



G3H7 

a-Phellandrene. 
1Q»- 45*85 

One more example must suffice. Perkin' has determined the 
refractivities of A' ^) menthadiene and of dipentene as follows : 




Sylvestrene. 
Ma = 45.07 



Y 




c 

/\ 

Menthadiene. 
Ma « 46-02 



c 

/A. 

Dipentene. 
Ma - 45-28 



Hydraromatic ketones also show exaltation, as seen in the follow- 
ing examples, both of which contain a conjagated system. 



CH 



8 




CH, 



I 

C3H7 

Menthenone* 

Ma - 46.78 



Calc. Ma « 46-82 

I 
C3H7 

Canrenone. 
Ma « 46*52 

Finally, both the value of the single ethenoid linkage as well as 
systems conjugated in the side-chain seem to be enhanced by the 
proximity of the benzene nucleus, in illustration of which the follow- 
ing examples must suffice.* 

1 Anwers and Eisenlohr, J, prdkt, Chem., 1910, 82, 105. 

' Trans. Chem. Soe., 1906, 88, 814. 

' It should be observed that the fact of exaltation being produced by the 
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Styrene CjHg . CH : CH, 
Phenylbutadiene G^Hs. CH : GH . OH : OH, 
Stilbene C^U^ . CH : GH . C^K^ 
Diphenylbutad iene 

C.Hj.CHiCH.CHiCH.CjHa 
Diphenylhezatriene 

CjHs.CHrCH.CHiCH.CHiCH.C^Hs 
Diphenyldiacetyleoe CfH, . C i C . C • C . C«H5 



Benzaldehyde C«HgCH:0 
Cinnamio aldehyde CgHsCH : CH . CH : O 
Phenylpropiolic aldehyde GeHgC i C . CH : 
Cinnamylldene acetic acid 

C,H,CH : CH . CH : CH . C : . OH 

From an examination of a series of unsaturated amino compounds 
and amides containing the group )N.C:0, and a few unsaturated 
sulphur and chlorine derivatives, Eisenlohr ^ has expressed the view 
that elements possessing residual valency such as the halogens, 
nitrogen, sulphur, and phosphorus may produce exaltation when 
conjugated with a double bond. In a recent paper on the refrac- 
tivities of aliphatic sulphur compounds, Price and Twiss* have 
arrived at the same conclusion. 





Ma 


BMa 


ohs. 


calc 




85-98 


85-08 


+ 0-90 


48-00 


42-86 


+ 6-16 


65-65 


59-20 


+ 6-45 


82-00 


68-00 


•1- 14-90 


100-90 


76-74 


+ 2416 


74-86 


64-86 


+ 10-00 




Ma 


^M^ 


obs. 


calo. 




81-77 


8101 


+ 0-76 


48-51 


89-78 


+ 8-78 


41-50 


88-22 


+ 8-2S 


60-42 


50*06 


+ 10-85 



Kodified Optical Anomaly. It has been shown in the foregoing 
paragraphs that conjugation is consistently accompanied by an increase 
in refractivity. BrQhl, indeed, went so far as to estimate the approxi- 
mate value for conjugated double bonds. Semmler has adopted the 
same view. In Die dtherischm Oele, p. 67, he has laid down the rule 
that 4f we find the calculated molecular refractivity to agree with that 
observed, a terpene is present in which carbon and carbon are singly 
linked. This can only occur in the case of a terpene, CioH^ey which is 
tricyclic, L e. contains two bridged rings. If there is an increment of 
1-7, a cyclic terpene with one bridge and one ethylene bond is present, 
as for example in pinene. If there is an increment of 2 x 1*7 it 
indicates a monocyclic terpene without a bridged ring, but with two 
ethenoid linkages, as in limonene, phellandrene, &c If again the 
increment is 3 x 1*7 a terpene must be present with three ethenoid 
linkages, ie. an olefinic terpene such as myrcene. If oxygen is 
present and the nature of the oxygen determined chemically, the 
presence or not of one or more double bonds can be ascertained in 

proximity of a double link in the side-ohain of a benzene derivative may be 
taken as affording evidence in favour of Kekuld's formula for benzene, ginoe it 
preauppoees double bonds in the nucleus. 
1 Sir., 1911, 44. 8188. • Trans., 1912, 101, 1259. 
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the same way. Borneo!, terpineol, and geraniol can thus be distin- 
guished.' We shall see presently that although optical anomaly may 
indicate roughly the structure of a terpene, such as Semmler suggests, 
no such definite rules, as he applies, can be laid down, and the above 
statement in the light of more recent research must undergo con- 
siderable modification. 

Auwers and Eisenlohr^ have shown by many examples that 
'every disturbance (StOrung) of the conjugation by substituents 
diminishes the exaltation '. The phenomenon is, in short, an exten- 
sion of Eykman's observations on the change in value of a single 
ethenoid bond produced by the presence of certain radicals (p. 24). 
But the effect on a conjugated system is not restricted to alkyl 
groups. It is also produced by hydroxy], methoxyl, and ethoxyl 
groups. These authors conclude that ' a sharp line cannot be drawn 
between normal and abnormal compounds, but that there is a gradual 
transition from one to the other. For in the application of chembtry 
to the determination of structure this point must be observed if 
errors are to be avoided.' The following examples, drawn from open- 
chain and cyclic compounds, have been selected to show the influence 
of the methyl group in producing what Auwers and Eisenlohr term 
Stdru/ng, or diminution of the exaltation. The radicals which are 
attached to the carbon atoms indicated by thick type produce the 
largest effect. 

Sabstance. Formula. EMa 

Hexadiene GH,.CH :CH.CH :CH. CH. -I-1-49 

Diiflopropenyl CH, : C(CH,) . C(CH,) : Clla + 0-60 

Styrene <f ^QH : CHj + 0-84 

^-Metbylstyrene <^ \cH : CH . CH, + 101 



o-Methylstyrene /__\CCCH,) : CH, + 0-46 

Benzaldehyde ^ ScH : + 0-73 




Acetophenone f ^(CH,):0 > +0-41 



In later papers Auwers' has shown that by replacing the alkyl 
group in methylstyrene in the p position by alkoxyl, the exaltation 
in refractivity is raised 60-70 per cent., whereas if the « position is 
substituted the refractivity is scarcely affected. Of the oxy-radicals, 

* BfT , 1910, 48, 80e ; J, jn-akt. Chem., 1910, 82, 06 ; soe alao EU«nlohr, Jafirb, 
ier RadioakHntat, 1912, 0, 888. 
' Ber., 1011,44, 8514 ; 1912, 45, 2764. 

FT. II D 
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hydroxyl has the greatest effect, then alkoxyl, and finally acyloxyl, 
if the acyl radical helongs to a fatty acid. The depression (Stdrung) 
caused in Qt)3-dimethyl crotonic ester, 

CH8.C=C— C=0 

III 
CH3CH8OC2H5 

by the attachment of the methyl groups to the ethenoid carbon atoms 
has been found to eliminate the whole exaltation, and the value in this 
case is normal. 

Optioftl DeprMsion. The refractivity of certain heterocyclic 
compounds, such as thiophene, pyrrole, and furfurane compounds, is 
lower than the calculated value, and the phenomenon has been 
termed optical depression.^ Furfuraldehyde, however, shows exalta- 
tion, due no doubt to conjugation between the cyclic and aldehyde 
double bonds* 




Action of BolTentfl. It has long been recognized that a solvent 
may affect refractivity in some cases and not in others. In deter- 
mining refractivity it is therefore necessary to take this fact into 
consideration. Duval has examined the effect of different solvents 
on the refractivity of azobenzene and BrOhl on that of acetoacetic 
ester. 



^Li 






Mu 


Azobenzene 62-20 

In Ethylene bromide 62*17 

„ Nitrobenzene 62*28 


In Benzene 
„ Cyolohexane 
„ Acetic acid 


62*88 
68*92 
64*20 




Ma 


Mo 




Aoetoaoetic ester 
In Water 
„ Methyl alcohol 
,, Chloroform 
Calculated 


81*80 
81*64 
81*85 
81*95 
81*42 


81*96 
81*79 
8202 
82*08 
81*57 





Appliea t i o n of StfraotiTitj to Btraetiiral FroUenui. Although 
from what has been stated in the foregoing pages the refractivity 
method cannot claim great delicacy or definiteness in elucidating the 
complete structure of a compound, it may, if applied with discrimina- 
tion, be used in solving doubtful points in the case of compounds 
and, especially, of isomeric compounds whose structure is mainly 
known. 

^ BrUhl, Ber., 1907, 40, 1157 ; Auwers, Ber., 1912, 46, 8077. 
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It has already been pointed out (p. 27) that TschugaefF and 
Semmler were able to establish with great probability the structure 
of thujone and sabinene by noting the increment in refractivity 
which accompanies a 8-carbon ring. Wallach^ applied the same 
principle to the case of isopinone, which gave the value Mj, » 89-87 
instead of the calculated 89-51, and was thus able to establish the 
presence of a bridged ring of four carbon atoms. 




The constitution of a- and /?-terpinene has also been cleared up by 
the observed exaltation which determines the relative disposition of 
the double bonds.' The first gave an exaltation of + 1 to + 14 in 
different preparations, pointing therefore to a conjugated system, and 
the second + 0-54, which, being too high for isolated double bonds, 
indicates an extra nuclear (or hemicyclic) double linkage. 

CHj 

CH3 II 



C3H7 

ct-Terpinene. 

The vexed question as to the formula for camphene has received 
a possible solution from its molecalar refractivity. 



C3H7 
3-Terpinene. 



Obs. 



43-73 



44-02 



43-29 



Calc. 1= 



48-51 



0-51 



The amount of exaltation coincides with that of a hemicyclic com- 
pound, the average of which is 0-51 for EMj^, but is too low for 
a saturated 8 or 4-carbon ring. It will therefore have the formula 




CHs 




8 



1 AwnaUn, 1907, 856, 227. 

' Auw«r8 and Eiaeniohr, J, prakl Chmi.t 1910, 82, 107. 

D 2 
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In the light of our present knowledge any attempt to solve tho 
benzene problem by setting up an analogy between unsaturated open 
and closed-chain compounds (see p. 408) must for the present be 
relinquished for the following reasons: the hydroaromatic deriva- 
tives of benzene (di- and tetra-hydrobenzenes) are not known in 
a state of purity, and, if they were, would certainly exhibit the vary- 
ing effects of conjugation. Moreover, the normal value for the double 
bonds in benzene places it, as do its chemical properties, in a separate 
category from the ethenoid compounds. 

Befraetxvitj and Dynamio Isomerimi. A more fruitful line of 
investigation, briefly referred to on p. 345, has been the study 
of the keto-enol type of dynamic isomerism. The change from keto 
to enol form is accompanied by the formation of a double bond, 
which, if only one is present, means an increase of about 1*83 units, 
whilst the change from O'' to O^ produces a decrease of 0-82 units, 
giving therefore a net increase of 1-0 1 on the molecular refractivity. 
Thus, if the molecular refractivity is about a unit above the calculated 
value for the keto form, it points with great probability to the 
presence of a preponderating amount of the enol form. The process 
cannot, however, be extended to the determination of two enol 
groups, such as might occur with the 1 . 8 diketones, owing to the 
effects of conjugation in increasing the value abnormally. 

- CHj . CO . CHg . CO . CHa— — CHj . C(OH) : CH . CO . CHg— 
I II 

— CH2 . C(OH) : CH . C(OH) : CH— 

III 

An increase above the calculated value for II would not necessarily 
imply a dienol form having structure III. 

From the following figures^ it will be seen that, although it is 
possible to differentiate with some degree of confidence between 
a ketonic and enolic form, the method cannot at present be used for 
estimating with any degree of accuracy the relative quantities of the 
two isomers, nor in deciding on the presence of a multiple enolic 
grouping. Consequently, when numbers in the first column of the 
table exceed those in the third, some of the dienolic form may or 
may not be present, depending on the relative positions of the double 
linkages. 



1 Brahl, J. pt-aM, Chem,, 1894, 50, 119 ; ZetV. physik. Ckm.y 1899, 30, 1 ; 1900, 
84, 81 ; ArmaLen, 1900, 312, 84. 
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if a -Ma calc Principal 

obs. keto enol constituent. 

Acetone CH, , CO . CH, 1605 16-08 1704 keto 

Pyruvic acid CH, . CO . COOH 17-86 17-67 18-68 

Ethyl acetoacetate 

CH, . CO . CH, . COOCjUs . 31-89 81-68 82-55 

Ethyl oxaloacetnte 

CjHaOOC . CO . CH, . COOCaHj 48-88 42-45 43-40 onol 

Ethyl acetomalonnte 

CH, . CO . CHCCOOCgH,), 43-60 4702 4801 

Aoetylacetone CH, . CO . CH, . CO . CH, 27-45 25-81 26-82 

Methylacetylacetono 

CH, . CO . CH(CH,) . CO . CH, 80-75 29-88 80-89 

Diacetylacetone 

CH,.CO.CH,.CO.CH,.CO.CH, 88-20 84-58 85-59 

Mesityloxide (CH,),C : CH . CO . CH, 80-13 29-47 80-40 

Ethyl acetoneoxalate 

CH, . CO . CH, . CO . COO0,H, 8907 86-22 87-24 

Methoxymethylene camphor 

yC : CHOCH, 
C-Hh< I 55-97 62-89 6405 

\co 

Camphocarbozylic ester 

yCH . C00C,H, 
CgUU I 69-46 59-12 60-13 keto 

^CO 
a-Formy]phenylacetio ester 

CjHj . C(: CHOH) . COOCaH, 58-06 6107 52-08 enol 

In addition to attempting to ascertain the nature of tautomeric 
substances by the refractivity method described above, Brtihl sought 
to follow the course of isomeric change in solution and to discover in 
this way the influence of the solvent 

Notwithstanding the amount of carefully collected data,^ the 
results, in the light of subsequent research, cannot be regarded as 
conclusive nor the conclusions entirely trustworthy. The method of 
experimenting consisted in ascertaining the molecular refractivity of 
the pure substance and then examining its refractivity in different 
solvents and at different temperatures and intervals of time. Most 
of the substances examined were such as would be obtained readily 
in both isomeric forms, and included mesityloxide oxalic ester, 
hydroxymethylene camphor, formyl camphor, formylphenylacetic 
ester, and camphocarboxylic ester (see p. 330). 



1 Ber., 1891, 24, 8891, 8709 ; J. prakt, Oum.y 1894, 60, 209 ; 1895, 51, 1 ; Zeit 
physik. Chem., 1900, 84, 1. 
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Thus, a-etbyl mesityloxide oxalate (enol) gives jyT^ = 57-2 and tho 
jS-ester (keto) M^ = 51'10. When the fresh enol form was dissolved 
in chloroform, methyl alcohol, and ethyl alcohol respectively, and 
allowed to stand, the following results were obtained : ^ 



M, 



a 



(CH,\C : CH . CO . CH, . CO . COOCjHg Chloroform solution 76 days 57-74 
Mesityloxide oxalic ester Ethyl alcohol 82 „ 60*59 

Methyl aloohol 5 „ 61-94 

Hydroxymethylene camphor, on the other hand, gave much the 
some result in chloroform and methyl alcohol, after heating for seven 
hours or on standing for two days, 

XH : CHOH ^« 

CgHii<f I Chloroform solution 2 days 50-46 

\C0 Methyl alcohol „ 50-92 

Hydroxymethylene camphor 

whereas the calculated value for the enolic form is 46-33. The high 
number is no doubt due to exaltation from the proximity of ethenoid 
bond and ketone group. 

Formyl bromocamphor is clearly ketonic in both solvents. 

Ma Ma cale. 

.CHBr . CHO (keto) 
C-Hi4< I Chloroform solution 2 days 56-94 k>. ^« 
NCO Methyl alcohol 5 „ 5C-32 ^'^ 
Formyl bromocamphor 

A very unaccountable result was observed by BrQhl with the two 
forms of formylphenylacetic ester. Whereas the ot or liquid enol 
form falls in refractivity in alcohol solution in two hours from M^, 
53-42 to 51-77 (calculated for keto form Ma »= 5107), the solid or 
P compound, which is usually regarded as the keto foi*m, gives in 
methylal solution nearly the same value as the enol isomer, namely. 
Ma 53*53, without undergoing isomeric change, for the original sub- 
stance can be regained on evaporating the solvent Brilhl therefore 
concludes that there must be two enol forms and one ketonic sub- 
stance, a result which is unsupported by any chemical evidence. 

Another application of the refractivity method has been used in 
the case of camphocarboxylic ester in order to determine the 
structure of the sodium derivative,^ which may be supposed to 
assume the enol form. The method is based upon the rule of 
Biot and Arago for mixtures, namely, that the refractivity of a solu- 
tion is that of its collective constituents. Thus, the combined 

^ Zeit. physik. Chem.f 1899, 80, 1. 

» J. W. BrQhl, Zeit. physik. Chern.j 1905, 60, 1. 
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refractivities of a solution of camphocarboxylic ester and sodium 
ethoxide in alcohol should agree with that of the constituents 
determined separately. If this is not the case isomeric change must 
have occurred. The differences (A) between the observed value for 
the pure ethyl ester and that calculated from its alcoholic solution in 
presence of sodium ethoxide are as follows : 



'amphocarboxylic ester. 


Per cent. 

in 
solution. 


Pure 
substance. 


/CH . COOCjH, 


12-74 


59-46 


Keto form 


14-20 


}; 


N3.OH 


28-00 


>; 


Enol form 


28-71 


f* 



Ma 

Calc. from 
sol", of Na 
compound. 


A 


68-58 


4-12 


68-89 


4-48 


68-94 


4-48 


68-88 


4-87 



BrOhl's attempt to correlate the ' medial energy ' of the solvent, as 
exhibited by its ionising and dielectric properties on the one hand 
and in promoting isomeric change on the other, is not supported by 
Dimroth's later observations.^ The uncertainty which surrounds 
the whole method for determining keto-enol tautomerism has 
recently been illustrated in a very instructive way by Auwers.' 

Knorr succeeded in separating by freezing the two forms of aceto- 
acetic ester and, having determined their refractive indices, which 
exhibit considerable divergence, proceeded to estimate in ordinary 
specimens the amount of enol present, which he found to be 
2 per cent.' Now the amount of exaltation produced by the con- 
jugated system of the enol form of acetoacetio ester may be deduced 
from the value of j9-ethoxycrotonic ester, which gives an exaltation 
of EMj^ = 1-8 for acetoacetic ester (enol form). This value agrees 
exactly with the difference between the observed and calculated 

values of Knorr. 

Obs. Calc A 

Enol Mj^ - 84-42 82*62 1-8 

Keto „ - 82-00 81-57 0-48 

The percentage of enol will therefore be obtained by taking the 
ratio of the differences between the observed and calculated values 



^ jinnalen, 1904, 885, 1 ; 1904, 888, 148. 

]Ber,, 1911,44,8625. 

* This was estimated from the refractive indices of different mixtures of the 
two pure substances, namely, enol n^ s 1*4480 and keto n^^ « 1-4225, the 
ordinary specimen yielding n}£ =» 1*4280, or 2 per cent. 
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for the keto form (043) and that between the calculated for the 
keto form and observed for the enol form (2-85) and multiplying 
by 100. 

jr-^^ X 100 = 15 per cent. 

According to Auwers the calculated value Mjy *> 81*57 for the 
keto form is probably different from the true value, which from 
BrUhrs observations is a little higher, namely, 81-79. When this 
difference is introduced into the above expression, the percentage of 
enol will fall to 9 per cent, 

(043-0.22) ,^^ ^ 

' — ;z-^ — - X 100 = 9 per cent. 

which approximates to the amount obtained by K. H. Meyer' from 
estimations of the bromine absorption. 

Hantzsch' has recently applied the property of refractivity to 
determine the formation of salts from a pseudo acid (p. 846). The 
process is found to be accompanied by exaltation even when the 
original substance is enolic, thus indicating that subsidiary valencies 
are possibly involved in the production of aci salts (see p. 103). The 
change does not run parallel with the appearance of colour, for it is 
greater on passing from p-nitrophenol, which is colourless, to its 
coloured salts, than from the ortho compound, which is bright yellow, 
to its orange salts. 

DISPERSIVITY 

It has been stated that the refractive index of a substance varies 
with the kind of light employed, being greater the shorter the wave 
length. The difference in specific refractivity is, however, not the 
same for all substances, say for red and violet light. It does not 
follow, for example, that the refractivities of two substances which 
are the same for the H^ line should show an identical refractivity for 
the Hy line. The difference between the specific refractivities for 
light of widely different wave length is called the specific dispersive 
power or dispersivity. The wave lengths usually chosen are the a 
and y hydrogen lines or the sodium (d) and lithium (Li) lines. The 
value is obtained by deducting the specific refractivity for light of 
shorter wave length from that of longer wave length, using either the 
n or n' formula. 

ftv — 1 Wa — 1 fly, — fla 

^ " d d d 

> Annalen, 1910, 880, I2ia ' Btr., 1910, 43, 96. 
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The molecular dhpersivity is obtained by multiplying by the mole- 
cular weight {m] o the substance under examination. 

The expressions for the specific and molecular dispersivity derived 
from the n' formida are : 

«2y-l nK-l\m 



-Mr -nr /''* Y ~ ^ W'a— A\W» 

My-Ma^ l-r — s 5 — sJT 



The specific dispersivity is consequently a differential valu^ de- 
pending on certain factors which, for purposes of comparison, need 
not necessarily be multiplied by the molecular weight, for in com- 
paring molecular values an artificial disparity is in a sense introduced, 
as the difference is then a function of the molecular weight. On 
this account Auwers and Eisenlohr ^ multiply the specific refractivity 
by 100, or, in other words, convert the first two decimals in the 
specific refractivities into whole numbers, which they indicate by 
the symbol S, and the specific dispersivity is then Sy — Sa* The values 
obtained in either case are small, seldom exceeding one or two units 
(see p. 22), but, on the other hand, the effect of impurities, which 
may enormously modify the refractivity, is largely eliminated in what 
is essentially a differential method where the impurity affects the two 
quantities to a nearly equal extent. The • dispersive constants for 
the different elements and for double and treble linkages have been 
determined by BrQhl,' and also by Eisenlohr,* in the same way as 
the atomic refractivities (p. 25), but the numbers can only be 
regarded as approximate, and the observed and calculated values do 
not show the same agi*eement as the molecular refractivities. It is 
therefore customary to compare the observed and calculated mole- 
cular dispersivities, the latter being derived from the difference in 
the calculated molecular refractivities for different wave lengths, as 
already explained. According to Brtlhl, dispersivity is pre-eminently 
a constitutive property, and much more sensitive to structural 
differences than refractivity. For example, multiple linkages seem 
to affect the dispersivity in the same direction, but to a much more 
marked extent than the re&activity, and, among isomeric compounds, 
constitutional differences may be perceived more readily than by 
a comparison of refractivities only. The following examples will 
illustrate this point, in which conjugation is clearly indicated : 

» J.prakL Chem., 1910, 82, 70. 2 Zeit. physik. Chem., 1891, 7, 191. 

' ZeiL physik, Oum., 1910, 76, 685 ; 1912, 79, 129. 
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M*Y' 


-Ma 


obs. 


calc. 


100 


1-06 


1-57 


105 


0-94 


0-94 


1-42 


106 



Diallyl CH, : CH . CH, . CH, . CH : CH, 
Isodiallyl CH, . CH : CH . CH : CH . CH, 
Valerylene (CHa^OiCrCH, 
Diisopropenyl CHj : C(^CH,) . C(CH,) : CH, 

By a comparison of isomeric compounds of the formula CioHie^, 
Wallach has shown that those which are equally saturated have the 
same dispersivity, whilst Eykman ^ has pointed out that dispersivity 
affords a valuable indication of the position of the double bond. 
Between eugenole and isoeugenole or safrole and isosafrole the dis- 
persivity produced by the allyl and propenyl side-chain above the 
calculated value is : 

Allyl — CH, . CH : CH, from 0024 to 0029 
Propenyl — C : CH . CH, „ 0085 „ 0048 

that is, the nearer the side-chain double bond is to the nucleus thd 
higher the dispersivity. Auwers and Ellinger ' have more recently 
shown that dispersivity, like refractivity (p. 88), is increased by the 
double bond in the side-chain (exocyclic) as compared with that in 
the nucleus (endocyclic). 

per cent, exaltation. per cent, escaltation. 

<(^V-C,H, <( )>=CH . CH3 ' 

Also the presence of radicals attached to the ethenoid carbon atoms of a 
conjugated system decreases the dispersivity as it does the refractivity. 

My-Ma EXy-:£a 

\c.CH:CH.CHo +0-74 0-62 46 per cent. 



< 



y 



'3 
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/ Vj . C(CH3) : CH2 +0-48 041 

Auwers ' has also studied the effect of substituents in the benzene nucleus 
and finds that, whilst alkyl groups produce little or no effect, an aldehyde, ketone, 
or ester side-chain causes exaltation of both refractivity and dispersivity which 
is increased in the case of the para substituted derivative (as compared with the 
ortho and meta) by alkyl groups ; but more especially by groups with residual 
valencies, such, for example, as contain oxygen (hydroxy 1, methoxyl, and ester 
groups). This is explained by the lengthening of the conjugated chain, which 
is greater in the para than in the ortho or meta positions. 

» Ber,, 1880, 23, 2786 ; 1890, 23, 855. « Annalen, 1912, 387, 200. 

' Annalen, 1915, 408, 212. 
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MAGNETIC ROTATION 

In 1846 Faraday observed that if a beam of polarised light be 
passed through a transparent substance placed between the poles of 
an electro-magnet so that the light travelled along the lines of the 
field, it undergoes rotatory polarisation. As the rotation is dependent 
on the direction of the lines of the magnetic field, and not on the 
direction of the beam, the light may be reflected along its course 
and the amount of rotation multiplied. This behaviour distinguishes 
magnetic rotation from the rotation of optically active substances in 
which the direction of rotation is reversed by reflection. In other words, 
the direction of rotation will be in the inverse direction when viewed 
from the opposite end of the instrument in the case of magnetic 
rotation, but in the same direction in that of optically active sub- 
stances. Faraday also showed that the amount of rotation of the 
polarised beam is proportional to the length of the layer traversed 
and the strength of the magnetic field. In this way an important 
relation was established between light and magnetic and electrical 
forces. Faraday was, however, unable to account for the pheno- 
menon, and it is only since the introduction of the electronic theory 
that a satisfactory explanation has been forthcoming.^ 

As our object in dealing with the subject is to explain its applica- 
tion to the structure of organic compounds, we do not propose to 
enter into a discussion of the phenomenon on its purely physical 
side. The following facts are, however, of importance. Wiedemann 
found that the rotation increases with decreasing wave length of 
light, and, according to Becquerel, the effect on optically active 
substances is identical whichever the direction of the field. The 
experiments of Yerdet have shown that substances must be divided 
into two classes : those, including the larger number, which are 
rotated in the direction of the current producing the magnetic field, 
and a few, such as iron salts, which are deviated in the reverse 
direction. 

The influence of temperature on magnetic rotation is small. The 
effect of rise of temperature is generally to diminish the rotation ; 
but it depends on the structure of the substance, and, in a homolo- 
gous series, it increases with the molecular weight. By comparing 
substances at the same temperature these influences are removed. 

^ Modem Electrical Theory, N. R. Campbell. Camb. Unly. Press, 1918. 
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The application of magnetic rotation to the study of structure 
was first investigated by W. H. Perkin in 1882, and in his hands 
has become one of the most delicate and trustworthy of physical 
methods. His results are embodied in a series of memoirs which 
appeared at intervals down to the year 1907.^ 

The original apparatus used by Perkin is shown in Fig. 5, p. 20.' 
The apparatus subsequently underwent some slight modifications' 
which rendered its manipulation more convenient ; but in its 
essential parts it remained unchanged. 

It consists of an electro-magnet B, with hollow pole pieces C> C 
E is the polariser and D the analyser, both firmly clamped (subse- 
quently fixed to the same metal frame). G is the apparatus for 
producing a strong sodium flame, and consists of an iron tube 
containing metallic sodium, which is volatilised in a current of 
hydrogen. The light is filtered through a solution of potassium 
dichromate contained in the bulb of the distilling flask. K^ K are 
copper vessels placed on the pole pieces, and cooled by a current of 
cold water to prevent the substance under examination rising in 
temperature. Two tubes, one holding the substance and the other 
water, are fixed to a movable carriage at F between the pole pieces. 
In the later form of construction water was caused to circulate 
through the pole pieces as well as round the substance contained in 
a copper cell. 

A current was maintained from a battery of Groves cells, kept 
constant by a resistance and measured by means of a galvanometer. 

As the method of determining magnetic rotation values is a com- 
parative one, like that adopted in other physical measurements, it is 
necessary to fix on some standaixl substance for comparison, and for 
this purpose Perkin used water. If the same tube is used in all the 
determinations no correction for the length of the column of liquid 
is required. In order to compare the effect of equal masses of 
different liquids it is requisite to divide the observed result by the 
density. The rotation in unit length of tube ot, divided by the 
density (2, is called the specific rotation (r). 

ot 

When this expression is multiplied by the molecular weight m, 
the product is the molecular magnetic rotation (If) or the rotation 

5 Trans. Chmn. Soc., 1884, 46, 421 ; 1886, 47, 261 ; 1888, 53, 601 ; 1892, 61, 807 ; 
1894, 65, 407 ; 1895, 67, 261 ; 1896, 69, 105S ; 1902, 81, 815; 1906, 89, 849; 
1907, 91, 885, 851. 

» Tians. Chem. Soc., 1884, 46, 421. » Tram, Chem. Soc., 1896, 69, 1027. 
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produced by equal numbers of molecules of the different substances 

examined. 

-« rxm 

M =* — T— 



The following example will illustrate the method of calculation : 

Observed rotation of water 
„ ., „ liquid 

0-8638 



82*595 
83450 



< = 22°.«l| 



Molecular weight of water 

,f liquid 



» 



18 

284 



3f = 



83-45 X 284 



82.595 X 18 X 0-8638 



When solutions are used the rotation of the solvent must be deducted 
from that of the solution. 

The error of observation will depend mainly on the purity of the 
substance. With the same substance the experimental error does 
not as a rule exceed 1 per cent., so that with a specific rotation of 
1 to 2 whole numbers the second decimal may vary by 1 unit. 

ZiMWLerie CompoimcU. The following groups of isomers, chosen 
from among different classes of compounds, exhibit larger or smaller, 
but in all cases consistent differences which exceed experimental 
error, and clearly point to differences of structure. The property is 
therefore not merely additive, but also constitutive. 



Substance. 

Hezane 
Isohexane 

Propyl alcohol 
Iflopropyl alcohol 

Propyl aldehyde 
Acetone 

Propionic acid 
Methyl acetate 
Ethyl formate 

Butyl alcohol 
Isobutyl alcohol 
Trimethyl earbinol 
Ethyl ether 

Propyl iodide 
Isopropyl iodide 



M A 

6-670 
6-769 



0099 



8-768 
4*019 

8-3S2 
8-514 

8*462 
8-862 
8-564 

4-791 
4-986 
5-122 
4-777 

11080 
11182 



0-261 



0-182 



0100 
0-202 



0-145 
0-186 
0-845 



0-102 



Substance. 

Kitro isobutane 
Isobutyl nitrite 

Benzyl alcohol 
o-Oreaol 






If 

t9 



0-Xylene 
m- „ 

P- i» 

Ethyl benzene 

Benzyl chloride 
o-Chlorotoluene 

P- » 

Phenyl acetic ester 
o-Toluic ester 
2>-Toluic ester 



M 

4-99 
6-87 

12-400 
18-882 
12-776 
12-768 

18845 
12-869 
12-810 
18-414 

14-014 
18-719 
18-246 

14-982 
15-064 
14-744 



0-88 



0-982 
0-606 
0-008 



0-486 
0049 
0-604 



0-295 
0-478 



0-082 
0*820 
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Starooisoniars. Qeometrical iBomers have also a diffeient 
magnetic rotation, the * trans ' modification being, as a rule, higher 
than the 



'cisV 



Ethyl xnaleate 
fumarate 



V 



M 

9-626 
10112 



Ethyl citraconate 
Ethyl mesaconate 



Optical isomers also differ in rotation : 

M 



Dipentene 
d-Limonene 

r 8 8 (9) Menthadiene 

d 



ii 



»> 



10-517 
11-233 



M 

11-815 
11-246 

12-989 
18061 



Ethyl tartrate 8-766 

Ethyl racemate 8-759 

Glucose 6-728 

Galactose 6-887 

Lactose 12-714 

Maltose 12-690 



Homologoiui Series, Constant for CK,. The following mean 
value for GH2 has been derived from a large number of homologous 



series: 
Series. 

Paraffins 
Alcohols * 
Aldehydes 
Fatty acids 
Estera 



CH, 

1061 
1057 
1-022 
1021 
1023 



Max. and 
Min. 

0-999—1-118 
1-080—1-098 

1-010—1-041 
1-015—1-082 



Series. GH3 

Alkyl chlorides 1-015 

,, bromides 1-031 

,y iodides 1-081 

Phenyl ethers 1-058 



Max. and 
Min« 

1-014-1-017 
1028— 10S4 
1.005—1-066 
1-052—1058 



From the above figures Perkin has computed the mean value to be 

CH2 « 1023. 

Series Constant. If there are n carbon atoms in a molecule 
belonging to a particular group of compounds, then by deducting 
the value for nCH.^ (nx 1*023) from the total magnetic rotation, 
a number is obtained which is nearly constant for the whole series 
of compounds belonging to that group. This number is called the 
aeries constant (S). 

For example, in the series of fatty acids (omitting the first two 
members, which are abnormal) the series constant is 0-398. 





M 


nxl023 


S 


Propionic acid 


3-462 


8 X 1-023 


0-393 


Butyric acid 


4-472 


4x1-023 


0-380 


Valeric acid 


5-513 


5 X 1-023 


0-398 


Oenanthylic acid 


7-552 


7x1-023 


0-391 


Gaprylic acid 


8-565 


8x1023 


0-381 


Pelaigonic acid 


9-590 


9x1-023 


0-883 






Mean 


0-393 



^ Perkin, Trans, Chem. Soc, 1888, 63, 591. 

* In calculating the mean, the initial members which show an anomaloas 
behayionr (the value is higher probably through association) are omitted. Am 
Perkin (Trans, Chem, Soc., 1884, 46, 552) has pointed out, the two initial members 
of seyeral homologous groups oontain no simple GH| group. 
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The molecular magnetic rotation is calculated from the equation, 

If «S+n (1.028). 

The following tahle gives the series constants for different classes 
of compounds : 



Series. 




Formula. 


S 


Paraffins, norm. 




CiiHj»+, 


0-508 


„ iao 




9f 


0-681 


Alcohols, prim. 




CjiH,»+jO 


0-699 


„ iso 




»f 


0-844 


Aldehydes 




ChH,,0 


0-261 


Ketones 




M 


0-876 


Fatty acids 




CnH^Oa 


0-898 


Unsaturated acids 




C||Hj,»_,0, 


1-461 


Dibasic acids 




C|,U,,^,0. 


0196 


Formic esters 




C„H,nO, 


0-495 


Acetic esters 




«) 


0-870 


Esters of higher acids 


»9 


0-887 


Methyl esters 




>» 


0-278 


Ethyl esters 




»» 


0-887 


Alkyl chlorides 




CnHa«+|Cl 


1-988 


l» If 180 


and second. 


11 


2-068 


„ bromides 




C»Ha»+iBr 


8-816 


79 ,» iso 


and second. 


»» 


8-924 


,, iodides 




C«Hjn+i^ 


8011 


fj „ iso and second. 


if 


8-099 



Generally the increase for iso compounds is 0-112 (rather higher 
for alcohols and ethers) ; also, initial members containing no GH2 
group, such as isopropyl alcohol, are higher by 0-261. 

The following examples will serve to illustrate the use of the 
above series constants : ^ 

Levnlinic acid CH, . CO . CHj . CH, . COOH 

Ketone, series constant 0-876 

Acid „ „ 0-898 

2)0-768 



1-028 X 6 


0-884 • 
6-115 


Calculated 
Observed 


6-499 
6-618 




Diff. 0-019 



Ethyl lactate CH, . CHOH . COOC^H, 
Sec. alcohol, series constant 0*844 



Ethyl ester „ 


» 


0-887 
2)1-181 


1-028x5 




0-590 
6-116 


Calculated 
Observed 




6-706 
5-720 



Diff. 0-015 

1 Trans. Chem. Soe., 1892, 61, 800. 

' Th« series constant in a case of this ](in4 ifl the mean of the sum of the types. 
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Another method of calculating values is to detennine the effect of 
replacement of hydrogen by other elements or groups. The numbers 
obtained in this way are not always concordant For example, the 
successive I'eplacement of hydrogen by halogen varies for each atom 
replaced. 

CCI4 6-582v 

>1.023 
CHCI3 5.659< 

>1-24G 
CH2CI2 4.313/ 

The effect of a single substitution in the same homologous series 
is approximately the same and equal to the values derived from 
the series constants. The value of alcohol-hydroxyl^ when it replaces 
hydrogen, can be obtained by comparing the series constant of the 
paraffins with that of the alcohols, 

Paraffins— alcohols, H by OH 0699-0508 = 0-191 

but, when applied to other series, little reliance can be placed on this 
value. Thus, when hydrogen is replaced by hydroxy 1 in aldehydes 
to form acids, the value is 0-132. Again, the replacement of hydrogen 
by hydroxyl in propionic ester to form lactic ester is 0-276, and not 
0*213, the difference between the series constant for isoparaffins and 
isoalcohols. When ethyl replaces hydrogen in the fatty acids to 
form esters, the value for ethyl is (2 x 1-023 + 337)- 0-393 = 1-990 ; 
but in the case of dibasic acids the value for each ethyl group is 
1-95. When aldehydes are converted into acid chlorides, the sub- 
stitution of hydrogen by chlorine increases the rotation by 1-669 
units, but in other types it may vary from 1-459 to 1-724. 

Gonstftnts for the Elements. From the different series constants 
it is possible to ascertain the values of the elements. The series 
constant for the paraffins is the equivalent of H2 — 0-508, or 
H » 0-254. From CH2 = 1-023, the value for the carbon is 
1-023-0-508 » 0-515. The series constant for the alkyl chlorides 
is 1-988. Deducting the value for hydrogen, CI = 1*734. Oxygen 
in hydroxyl can be derived from the alcohols, ketonic oxygen from 
the aldehydes and ketones, and so forth. The folio wing values ha vo 
been calculated in this way : 

Element. Constant. 

H 0-264 

C 0-615 

O' (OH) 0-191 

(y (aldehydes) 0-261 

(y (ketones) 0-876 



Element. 


Constant 


CI 
Br 
I 

N'" (amines) 


1-784 
8-56 
7-767 
0-717 
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Constant for tho Donblo Bond. The effect of an etheDoid 
linkage is to raise the rotation. A comparison of saturated with 
unsaturated fatty esters and of allyl with propyl alcohol giyes an 
increase of 0*914 — 1-170, that is, without adding the value for the 
H atoms removed. Perkin takes 11 12 as the mean value ; but it 
varies from that of the hydrocarbons, which give the lowest 
number, to that of the esters^ in which it reaches a maximum. 

M A 

Trimethylethylene (CH,)jC : CHCH, 6-208 ^ k-^ 

Pentane C»H„ 6-680 ^^*^ 

Hexylene C.H„ 7-478 J;.ft*7 

Hezane G,Hi4 6-646 



Octylene GgHig 9-482 

Octane CgHu 8*692 

Diamylene CioH^ 11-472 

Deoaae (calc.) Oj^Hn 10-788 



0-827 
0-740 
0-784 



Allylaoetie acid CH, : CH . GH, . GH, . GOOH 6-426 ^ q. » 
Valeric acid G.HjoO, 6-618 "*^^^ 

AUyl alcohol GH. : GH . GH,OH 4-682 ^ oi ^ 

Propyl alcohol GH, . GH, . GHjOH 8-768 "**'^* 

Ethyl erotonate GH, . GH : GH . GO,GaH. 7-689 . . . o 

Ethyl butyrate G,H7G00G,H5 6-477 ^'^*^ 

The same result is obtained in the aromatic series, if the double 
bond forms part of the ring. 

u A 

Gyclohexane 6-664 ^ ..ao 

Tetrahydrobenzene 6-892 "' *^ 

The value is largely increased if the double bond is in the side- 
chain instead of in the nucleus * 

If A 

Styrene GjHjGH : GH, 16-041 „ «„« 

Ethyl benzene G^H, . G ja. 18-414 ^^^ ' 

Propenyl benzene GgHgGH : GH . GH, 17-699 « aja 
Propyl benzene CeH5G,H7 14-668 ^^^ 

^Bntenyl benzene G.H^GH : G(GH,), 18-862 n 709 
Butyl benzene G^Hj . G4H, 16-680 "^ ^^^ 

Mean 2-884 
With two benzene nuclei the value is still further enhanced : 

If A 

Stilbene <^^ \cU : GH / \ 88-148 



Dibenzyl <^ \ GH, . GH, / \ 24- 



8-146 
997 



PT. U 
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If) on the other hand, the double bond in the side-chain is further 
removed from the nucleus the value falls, and may become normal. 

U A 

Lsoeugenole CHjO . CflH3(0H)CH : CH . CH, 21-469 „ „ , ^ 
Eugenole CH,0 . CcH,(OH)CH, . CH : CH, 18-727 ^ '*" 

Another example is that of the allyl etlier of phenol and the allyl 
ester of benzoic acid : 

M A 

Allyl benzoate CeH^CO . OCH, . CH : CH, 16-722 ^,«,g 

Propyl benzoate CeH^CO . OC.Ht 14-878 " °*^ 

Allyl phenyl ether C.H.O . CH, . CH : CH, 17-184 ^ Q17 
Propyl phenyl ether C^HaO . CjH^ 16- 187 " ^' 

In the last examples the differences approach that between allyl and 
propyl alcohol A = 0-914. 

The effect of a treble bond compared with the saturated compound, 
in the few examples that have been studied, shows a rather smaller 
increase, fluctuating between 0-629 and 0-859. 

Detenniaation of Stmctnre.^ The application of magnetic rota- 
tion to determining structure includes cases of keto-enol tautomerism 
and the structure of cyclic compounds of the terpene series. We 
will indicate briefly how the first problem has been attacked. The 
question resolves itself into comparing the calculated values for the 
enol and keto forms with that observed for the pure substance. 

The value for ethyl hydro-.ycrotonate CH3 . qOH) : CH . COOCjHs 
may be calculated in various ways, as follows : 

M 

Ethyl crotonate 7-589 

OH in place of H in alcohols 0194 

7-788 



or. Ethyl lactate +CH, (Ethyl hydroxybutyrate) 6-787 

Unsaturation ( + H,) 1112 

7-849 



The value for the ketonic form of acetoacetic ester may be computed 
as follows : 

Series constant for acetic ester 0*870 

,y ,, ketone 0-876 

2 )0-745 

Mean series constant 0-872 

1023x6 6-188 

6-510 
The observed value for acetoacetic ester 6*501 

1 Tiana, Chetn. Soc,, 1892, 61, 803. 
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The structure of acetoacetic ester, as determined in this way, is 
therefore entirely ketonic. 
We will take one more example, that of acetyl acetone 

CH3 . CO . CH2 . CO . CH3, 

which may exist as di-ketone, mono- or di-enol. 



Calculated values for the ketone are 

M for acetone 

M for acetyl in place of H 



or. 



Series constant of acetone ^ 
1028x5 



Calculated value for the di-enol is ; 

If for glycol 

1028x8 



For unsatnration 1*112x2 



8-514 
2-089 

5-558 



0-445 
5-115 

5-560 



2-948 
8069 

6-012 
2224 

8-286 



Calculated vftlue for the mono-enol is : 

Series constant for isopropyl alcohol 



)» 



1} 



ketone 



1-028x6 

Acetopropyl alcohol 
For unsatnration 



0-960 
0-875 

2) 1-825 

0-662 
5-116 

5-777 
1-112 

6-889 



A similar method has been applied to the methyl derivative of 
acetyl acetone with the following result : 



Acetyl acetone 

Methyl acetyl acetone 6-519 



Keto Mono-enol Di-enol 
calc. calc. calc. 

5-558 6-889 8-286 



Obs. Calc. per cent. 
16° mono-enol di-enol 

7166 80 20 



8-882 



9-296 7-237 



keto mono-enol 
46-4 53-6 



At a temperature of 93^ acetyl acetone gave 6-599, showing thereby 
an increase of keto form with rise of temperature. 



^ The series constant for a mono-ketone is taken, as that for a di-ketono is 
unknown ; and by comparing the effect on introducing a second carboxyl or 
hydroxyl, Perkin considers that the second ketone group will not alter the 
constant (Trans, Chem. Soc, 1892, 61, 814). 

E 2 
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Bing Formation.^ The effect of forming a closed from an open 
chain will be seen from the following examples : 

A Calculated for — 
— 0'381 Formic acid + SCHa 



Butjric acid C^HgO, 
Cyclopropane carbozylic 
acid C^HfO, 



M 

4-472 
4141 



M 

4-740 
4140 



-0-699 



Valeric acid Cfi^fi^ 5-518 

Cyclobutane carbozylic 5-048 
acid CgHsOs 

Caproic aoid Cfiifi^ 6-580 

Cyclopentane carbozylic 6-891 
acid C,HioOj 

Capricacid CgH^sO, 8-580 

Methyl cyclohezane carb- 7-975 
ozylicacid CaHi^Oa 



-1-465 



Acetic acid + SCH, 



—0-689 Propionic acid + 8CH, 



-0-605 



Valeric acid +8CH, 



5-594 
5-048 



6-581 
5-891 



8-582 
7-976 



-0-546 



-0-640 



-0-607 



In the second half of the table, the calculated values for the 
saturated acids are compared with the corresponding ring compounds. 
Cyclopropane carboxylic acid, the first member of the series, is 
abnormal ; but the abnormality vanishes when it is compared with 
the first member of the aliphatic series, namely, formic acid. 

Perkin reckons ring formation with loss of Hj at 0-6 in acids, 
esters, and ketones, but in hydrocarbons it is larger, and in dichloro- 
cycloparaffins it is smaller. 

U A 

Hezane 6-646 

Cyclohezane 5-664 



-0-982 



Straotnre in the Terpene and Camphor Gxonp. The rotation of 
camphor may be calculated as follows : 



Methyl hezyl ketone 

CH,x2 

Double ring 0-6 x 2 

Camphor, calc 

„ obs. 



M 
8-509 
2-046 
-1200 

9-355 

9-265 



Limonene gives the following result : 

Paraffin CioH„, calc 

Less ring formation (hydrocarbon) 



Unsaturation 
CjoH,,, calc. 
obs. 



9) 



M 

10-788 

0-982 

9-756 
1-440 

11196 
11-204 



The difference in structure between bornyl chloride and pinene 
hydrochloride is very clearly brought out by this method. If the 

1 Trans, Chem. Soc., 1902, 81, 292. 
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two were identical, the calculated value should agree with that of 

pinene with the addition of HGl, 0-254 +1*784 » 1-988, less the 

value of an ethenoid linkage (0-720). The value of bornyl chloride 

can then be calculated as follows : 

M 
Pinene, obs. 10-294 

HCl 1-988 

12-282 
Less |~ 0-720 

Bornyl chloride, calc. 11-562 
„ obs. 11 058 

Diff. 0-504 

Consequently bornyl chloride must be differently constituted from 

pinene hydrochloi-ide, as we know it to be on other evidence. If, 

on the other hand, it has a similar structure to borneol, its value 

will be that of borneol in which hydroxyl is replaced by chlorine. 

In passing from secondary octyl alcohol to octyl chloride there is 

a rise of 1-244 unita If the value is the same when borneol 

becomes bornyl choride we have : 

M 

Borneo], obs. 9-806 

Substituting OH by CI 1-244 

Calc. 11050 

Obs. 11058 

Xai^ato-rotatory SzaltatioiL A very interesting observation 
was made by Perkin in ascertaining the magnetic rotation of the 
synthetic members of the terpene series.^ A comparison of two 
active menthadienes which are structurally closely related reveals 
a difference in rotation which can only be due to reinforcement 
produced by the conjugated linkages similar to that observed in the 
case of refractive exaltation (p. 28). 

M 
(2 A'>*(* p-Menthadiene 18061 

dA».»c») „ (Limonene) 11-246 

Diff. 1-815 

The discovery has thrown a new light on certain anomalous results 
connected with benzene and its derivatives. 

Aromatio CompoiULds. Perkin found ' that hexylene and diallyl 
give normal values (p. 49) ; but there is a jump of 3*776 units with 
the introduction of the third double bond in hexatriene. 



M 
Hexane C.Hi^ CH,(CH,).CH, 6-670 

Hexylene CgH„ CH,(CHa),CH : CH . CH, 7-478 

Diallyl C,H,o CH, : CHCCH,)iCH : CHj 8-420 

Hexatriene CJi^ CH,: CH .CH :CH . CH iCH, 12-196 



0808 
0.947 
8.776 



> Trans. Chem. Soc,, 1906, 89, 849. ' Trans. Chem, Soc., 1907, 91, 806. 
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The difference between diallyl and hexairiene is of the same order 
as that observed in menthadiene, or 2 x 1-815 = 8*630, and at onoe 
explains the high rotation of benzene. On deducting 0*982 units 
from hexatriene for ring formation, the result is nearly identical 
with the observed value : 

M 
Hexatriene 12*196 

Ring formation -0*982 

Calc. for CeH, 11*214 

ObB. ,, 11*284 

A similar difference produced by conjugation has been noticed in 
the case of A^'^ dihydrobenzene : 

Gjclohezane 5*664 

A^*' Dihydrobenzene 8*093 

Diflf. 2*429 

Several facts now become clear which were previously unexplained. 
For instance, the high value of the double bond next to the nucleus, 
which has been referred to under refractivity (p. 33), must be 
regarded as forming part of a conjugated system (p. 28). 

Value for |— 

Styrcne / V-CH : CH, 2*627 

Propenyl benzene < ^ ^.CHiCH.CIf, 8*046 

Butenyl benzene / S . CH : C(Cir,), 2*734 

The same applies to eugenole, whilst in stilbene with its seven 
conjugated double linkages the increase as compared with dibenzyl 
amounts to 8-146, or adding the value for two benzene rings, 19-386, 
or 2*77 for each double bond. The same reasoning explains the 
high rotation of naphthalene, namely, 25*125. The value of the 
double bond may be calculated as follows : 

M 

Cyclohexane -2H 5*156 
+ (CH,)4 8*776 

8*932 

Deducting from 25*125 the above calculated value and dividing by 5 
gives 3*24 for each double bond. But there are many other facts to 
the explanation of which these views will apply. Comparing diphenyl 
with diphenylmethane and allowing for the extra CHs group, the 
screening effect of the latter lying between the two sets of conjugated 
bonds is at once apparent : 

M 

Diphenyl 25*804 

Diphenylmethane -CH, 28*837 

1*967 
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Reference has been made on p. 82 to a theoiy of Eisenlohr ' in 
which he points out that when elements possessing residual valencies 
are in a conjugated position to a double bond, the effect is shown by 
a certain amount of optical exaltation. This idea had been previously 
foreshadowed by Perkin ' in explaining the abnormally high values of 
certain groups attached to the benzene ring, especially NH2 and 
N(CH3)2y and also the reverse effect of others, such as NOg. 

Nitrobenzene 9-861 Aniline 16-076 

Benzene 11-284 Benzene 11-284 

-1-923 +4-792 

Generally the result of replacing H by NH2 in the aromatic series 
is an increase in the rotation by 4-5 units, whereas in the aliphatic 
series it is about 1 unit. This is seen by comparing a substance where 
the amino group is in a side-chain with one subtituted in the nucleus, 

M ' M 

P-Tolnidiiie 16-188 o-Toluidine 17-200 

Benzylamine 18-646 Benzylamine 18-646 

2-542 3-554 

If the residual valency of the nitrogen is removed by forming the 
hydrochloride of the base, this exaltation disappears to some extent, 
the hydrochloride having only a slightly higher or lower value than 

the free base. ^ jf 

Aniline hydrochloride 16-894 Dimethylaniline hydrochloride 18-826 

LessHCl 2245 Less HCl 2-245 

14-149 16-081 

Aniline 16-076 Dimethylaniline 22-888 

The same principle may account for the high value of hydroxyl 

when it replaces hydrogen in the nucleua The difference in the 

rotations is about 0-85 units, 

Benzene — Phenol +0-856 

Anethole— Isoeugenole + 0-848 

whereas, when the hydroxyl is screened from the nucleus, the value 

falls nearly to the normal for aliphatic compounds (0-191). 

Toluene— Benzyl alcohol + 0-248 
In the same way the replacement of hydrogen by cyanogen in the 

nucleus and side-chain produces different results. 

Benzene — Benzonitrile + 0*578 

Toluene — Benzyl cyanide + 0*815 

The nitro and carboxyl groups depress the rotation, the former 
lowering the value 1-35-1-94 units and the latter 0»817-0»918 units. 
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THERMOCHEMISTRY AND STRUCTURE 

Among the physical methods available for determining the 
structure of organic compounds, that of the heat given out on 
combustion naturally suggests itself ; for the various ways in which 
the same atoms can group themselves in the molecule must repre- 
sent a certain difference in internal energy which might be expected 
to manifest itself on combustion by corresponding differences in the 
amount of heat evolved. Thus, one might be led to expect that an 
ethenoid linkage of an unsaturated compound, by being more readily 
broken down than the single bond of a saturated compound, would 
absorb less energy by its rupture, and therefore give out more heat. 

It might further be supposed that, as in refractivity, where 
constants were assigned to the atoms, the atoms would also possess 
definite heats of combustion according to their mode of combination. 
If this were the case, theoretical values might be deduced for the 
heat of combustion on the basis of a particular structure, which an 
experimental observation would confirm or disprove. 

There is not the least doubt that the mass of experimental data 
which has been steadily accumulating for many years past points 
definitely in the direction indicated, yet as Wrede^ has recently 
stated, ' when it is attempted to calculate the heat of combustion of 
any substance from its constitution by means of a formula and by 
using empirical constants, such attempts must be regarded as 
premature.' 

But if the anticipations of the utility of thermochemical measure- 
ments as a constitutive method have not so far been fully realised, 
it has not been due to any want of patience, skill, or scrupulous care 
on the part of the pioneers, Thomson, Stohmann, Berthelot, and 
Louguinine, in this field of research, but rather to the peculiar 
experimental difficulties which the measurements entaiL To write an 
account of the thermochemistry of organic compounds is in reality to 
describe the various stages in the development of the calorimeter. 

Oalorimetry. The principle of the method adopted by all ob- 
servers has been the same, namely, to burn a given weight of the 
substance in a glass or metal vessel (combustion chamber) surrounded 
by a known weight of water contained in an outer vessel (calorimeter), 
and to note the rise of temperature of the water. The amount of heat 

* ZeiL pAystfc. Chan., 1910, 75, 81. 
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required to raise the temperature of 1 gram of water 1^ G. is called 
a gram-calorie, and this has served as the general unit of measure- 
ment A molecular-gram-calorie is the numher of calories given 
out by the molecular weight of a substance in grams and divided 
by 1000.* 

In order to calculate the heat of combustion it is necessary to 
know not only the rise of temperature of the water in the calori- 
meter, but also the amount of heat in calories absorbed by the 
combustion chamber and its accessories in raising it through the same 
temperature as the water, i. e. ' the water equivalent ' of the chamber. 
It may be found either by calculation from the specific heat and 
weight of the various parts, or by ascertaining the specific heat of 
the vessel as a whole by heating it to a definite temperature and 
determining the rise on plunging it into water, or by burning in the 
chamber a given weight of a substance whose heat of combustion 
has been carefully ascertained. Such standard substances have been 
furnished by Fischer and Wrede," who have determined with great 
precision the values of benzoic acid, cane-sugar, and naphthalene, all 
of which can be readily obtained with the requisite degree of purity. 

The thermochemical studies of Julius Thomson date from 1851 to 
1885.' In his apparatus (Fig. 6) the combustion chamber consists 
of a cylindrical metal vessel of about 200 c.c. capacity, connected 
below with a spiral metal tube for conveying the products of 
combustion to the drying apparatus, and potash absorption tubes. 
The whole is enclosed in the calorimeter, which holds 2 to 3 litres of 
water and is closed at the top by an ebonite lid pierced with two 
holes for the thermometer and the shaft of the mechanical stirrer. 

The other parts of the apparatus are the gas holders a and b for 
delivering oxygen to the burner, c and d containing combustible 
gases for examination, e the motor for actuating the mechanical 
stirrer, f the burner, and g the aspirator for drawing off the products 
of combustion. As the water in the calorimeter did not exceed by 
more than 1^ the temperature of the room (being in the basement 
it could be kept nearly constant throughout the year) no external 
non-conductor was placed roimd the calorimeter. The substances 

1 It is generally assumed in these calculations that the specific heat of water 
is constant through the few degrees of temperature measured. Recently 
Fischer and Wrede {Zeit. pkysik, Chem,, 1909, 60, 218), using a platinum 
resistance thermometer, have made use of electrical units (kilowatt-second) 
which are easily transposed into G.G.S. units or into gram>calories (1 kilowatt- 
second « 0-2890 cals. at 15^) as occasion may demand. 

s ZeU. physik. Chem., 1909, 69, 21& 

* Thermochemistry, by Julius Thomsen, trans, by K. A. Burke. Text-books of 
Physical Chemistry, Longmans. 
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which were either gases or votktile subetances were burnt in a 
current of oxygen in a special form of apparatus called a ' univers&l 
burner ',' shown in Fig. 7. 

It consists of a glass bulb a drawn out into a long neck and 
surmounted by a platinum nozzle. The substance is introduced into 
the bulb containing a wick of cotton wool or asbestos which rises 
into the constricted part of the neck b. The neck is surrounded by 
a sfHTal of platinum wire which can be heated by a current of any 
required strength necessary to volatilise the substance, which is 
ignited at the nozzle, where it meets with a current of oxygen 
admitted through c The burner is inserted below the oombustioa 



chamber and fixed by means of the rubber cork d. The electric 
current required to heat the wick and the flow of oxygen are so 
regulated as to ensure a perfectly ateady flame, and the burner is then 
quickly inserted. 

The composition of the substance being known, the quantity burnt 
was ascertained by the increase in the weight of the potash vessel 
due to the carbon dioxide drawn from the combustion chamber. 
In this way the heats of combustion of some 120 compounds were 
ascertained, including hydrocarbons, their chlorine, bromine, and 
iodine derivatives, alcohols, ethers, ketones, acids, amines and nitro 

> Btr., 1882, 15,2t>». 
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compounds. Although the use of the universal burner is open to 
criticism, owing to the fact that the amount of heat transferred 
to the combustion chamber cannot be accurately ascertained/ the 
results nevertheless are significant of the potentialities of thermo- 
chemical data and will be referred to presently. 

Berthelot's original apparatus ' (Fig. 8) consists of a vessel similar 
to Thomseu's but made of thin glass, which is not only a lighter 
material, but it also enables the process to be watched. Like 
Thomson's vessel, it is furnished with a spiral glass tube for con- 
veying the products to absorption vessels. The oxygen is introduced 
by means of a glass tube passing through the tubulus fused to the 
top of the combustion chamber, and the substance is burnt in a small 
lamp with asbestos wick. 

The products of combustion are drawn through drpng tubes, 
a potash apparatus, and then over heated copper oxide to convert any 
carbonic oxide into dioxide, which is absorbed and weighed, and any 
necessary correction introduced in case of incomplete combustion. 
The method is naturally restricted in its application to a few gases 
and to the more volatile liquids. 

In 1885 Stohmann published his first experiments, in which he 
employed a modification of the Lewis Thomson calorimeter. The 
substance was mixed with powdered potassium chlorate containing 
a little manganese dioxide and ignited by a wire heated by an 
electric current. The combustion chamber being closed at the top 
and perforated at the bottom, the escaping gases were driven through 
the water of the calorimeter, to which they imparted their heat. 
The method only admitted of the combustion of the less volatile 
organic compounds, and the numerous corrections incidental to 
the process of combustion rendered it not altogether suitable or 
tiiistworthy. It was soon replaced by Louguinine's modification of 
Berthelot's apparatus, in which the various parts were made of metal 
instead of glass.' 

The introduction of Berthelot's bomb calorimeter in 1885 * effected 
a revolution in thermochemical measurement The substance is 
burnt in a vessel filled with compressed oxygen. The combustion 
chamber (Fig. 9) is made of stout steel coated inside with platinum 
or enamel, and capable of withstanding a pressure of 25 to 50 
atmospheres. 



1 Stohmann, J. prakt. Chem., 1886, 88, 668. 

s Mecanique Chimiqtiej 1879, Tol. i, p. 241 ; Ann. Chim, PAyc, 1882 (5), 27,847. 

s J. prakt Chem,f 1886, 33, 241, 672. 

* Ann. Chim. Phys., 1885 (6), 6, 646 ; 1887 (6), 10, 483. 
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It has a capacity of 250 to 800 cc and weighs about 3 ktlos. It 
Htonds in a calorimeter holding about 2 litres of water, which 
covers it to the neck. To restrict the amount of radiation, the 
calorimeter is surrounded by a larger vessel holding about 40 litres 
of water, which renders the apparatus independent of the external 
temperature of the room. The weighed substance, if solid, is com- 
pressed into pellets; if liquid it is enclosed in gelatine or celluloid c^ 
sales or in some inert absorbent 
material. It is placed on a plati- 
num tray, where it is ignited by 
means of a fine iron wire, heated 
to redness by an electric current' 
By this means the combustion 
la almost instantaneous and, as 
the bomb rapidly cools, equali- 
sation of temperature is complete 
within a few minutes after igni- 
tion. Thus, instead of lasting an 
hoar or more, as was the case 
with the older methods, the 
operation is over in about fifteen 
minutes from start to finish. 
The correction due to radiation 
ifl therefore greatly reduced and, 
as the corabuation is usually 
complete, no correction is re- 
quired for unbumt or partially 
burnt material. Uoreover, as the 
products are all retained within 
the calorimeter, which is closed 
before ignition, the troublesome 

weighing of absorption vessels Yta. 8. 

is eliminated and the single 

weight of the substance is all that is required. Apart from the 
small correction for radiation, account must be taken of (i) a small 
quantity of nitric acid, which is produced either from the nitrogen in 
the compound or from a trace of it in the oxygen used, and is 
estimated by washiog out the bomb and titrating with alkali ; (ii) the 

' Detaila of manipulatioD, onrrection, and calibration of the calorimeter may 
be found ID laboratory eierciaes in nyrical Cliaiuitrv by Qetmait (Wiley i. Song, 
1904), or in the following papers: Stohmann, J. prakl. Chtm., 189*, 48, 90; 
Fischer and Wrede, ZtU. physik. Chm., 1909, eg, 218 : 1910, 7S, 81 : and Both, 
jlimalm, 1910, 378, 2«9. 
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heat given out by the ignition and burning of the iron wire, the 
two corrections together not exceeding as a rule 1 per cent, of the 
total heat of combustion. A further slight correction is sometimes 
required tor the specific heat of substances when compared in 
different physical states, and also for the weight of substance reduced 
to a vacuum. 

The following example is taken by way of illustration from 
a recent paper by Auwers, Roth, and Eisenlohr^ of the heat of 
combustion of sylvestrene CjoHig. 

Grm. cals. 

6*5 mgrms. iron wire oxidised (1 mgrm. *^ 8'9 cals.) 21-4 

4-84 CO. KaOH to neutralise HNO, (1 c.c. » IS cals.) 6*65 

Heat given out by iron wire (1*9 sees., 1'85 volts 11-5 amp.) 7*05 

3410 
Less 0'2 mgrm. soot (1 mgrm. ■» 8*1 cals.) —1-6 

To be deducted 82-5 

Rise of temperature in calorimeter I'SOOS** 

Less correction for radiation during experiment 0-0066 

1;5840* 

Water equivalent 2628 x 1-6840 4154-8 

Less above correction — 82*5 

0*8887 grm. substance gave gram-calories 4122*3 

4122*8 X 186 



0*8887 X 1000 



s 1461*2 mol.-grm.-cals. 



The maximum and minimum value in four experiments showed 
a variation of 0*5 per cent., and, with carefully conducted bomb ex- 
periments, it is rarely that the variation reaches 1 per cent. The 
trustworthiness of the method may be further illustrated by the 
results of three independent observers using different bomb calori- 
meters and working at different places. The substances taken were 
cane-sugar, benzoic acid, and naphthalene. The numbers are given 
in gi'm.-cals. at constant pressure.' 

Berthelot Fischer Variation 

Stohmann. and and nercent 

Louguinine. Wrede. *^ 

Cane-sugar 8965*2 8961*7 89520 0*24 

Benzoic acid 6822*8 68221 6825*4 0*06 

Naphthalene 9628*8 9696*1 9667*8 0*70 

It is interesting to compare these figures with those obtained by 
Stohmann for phenol in the three forms of apparatus employed by 
him at different times. The numbers are in mol.*grm.-cals. 

1 Annaleriy 1910, 873, 269. 

* As the heat of combustion in the bomb is determined at constant volafne, 
it is customary to give in addition the value at constant pressure. 
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Mol. grm. Variation 
cals. per cent. 

L. Thomson calorimeter 722 \ 
Berthelot's original calorimeter with I 

oxygen at the ordinary pressure 726'8|- 1-4 

BertheloVs bomb calorimeter with I 

compressed oxygen 782*5 J 

The differences in the results previously obtained by different 
observers show even greater discrepancies. 

It is clear, therefore, that the thermochemical data obtained before 
the introduction of the bomb must be accepted with caution. Those 
of Stohmann since 1889, of Berthelot and his collaborators, and of 
Louguinine since 1885 may be brought into harmony with more 
modem results by comparison with standard substances, the values 
for which have been established by Fischer and Wrede.^ Thomsen's 
results cannot, however, be corrected in this way, and will require 
complete and careful revision. 



of Formation. It is customary for some observers to give 
in addition to the heat of combustion a number termed heat o/ 
formation. This is derived from the number calculated for the heat 
evolved when the elementary carbon and hydrogen of the compound 
in question are completely burnt, by deducting from it the heat 
of combustion in moL-grm.-cals. The value for carbon presents 
a difficulty, because it is clear that solid carbon in the form of 
diamond or charcoal does not correspond to its condition in the 
organic substance. On the other hand, there is no assured means of 
ascertaining the heat of combustion of the carbon atom in its atomic 
condition. Berthelot and Stohmann use the thermal value for 
diamond, namely 94 cals., and for Hj 69 cals., whereas Thomson 
determines the value for gaseous carbon as 88-38 from that of 
charcoal (96-96 cals.) on the assumption that gaseous carbon burning 
to GO gives out the same amount of heat as CO burning to CO2. The 
difference between the thermal value of C -— > CO and CO — > CO2 
must be due to heat absorbed in converting charcoal into gaseous 
carbon. As probably neither method gives the true heat of forma- 
tion, and seeing that only differences in heats of combustion are 
required for structural determinations, we shall omit the former values. 
Taking into consideration the doubtful value of some of the data 
derived from the earlier experimental methods, we may nevertheless 
learn a good deal from the character and significance even of these 
results. They have been conveniently tabulated by Stohmann.' The 

1 loG, at, 

* Zeit physik. C7im., 1890, 6, S3d, and 1892, 10, 410. 
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heats of combustion are given in mol.-grm.-cals. both at constant 
pressure and volume with a reference to the observer and the 
original paper. The few data which we reproduce represent 
mo].-grm.-cals. at constant pressure, and the name of the observer 
is indicated by initials thus : T. = Thomson ; St. — Stohmann ; 
St.* B Stohmann (bomb values) ; L. « Louguinine ; A. R. = Auwers 
and Roth ; P. W. «= Fischer and Wrede. 

ZMnnem. Isomeric compounds belonging to the same class have 
nearly the same heats of combustion. Small variations have how- 
ever been observed, as, for example, between isomeric primary, 
secondary, and tertiary alcohols, and especially among unsaturated 
compounds, according to the position of the double bond, which will 
be presently considered. It seems to be well established that the 
more labile of two isomers gives the higher heat of combustion, and 
it is not unlikely that a careful revision of some of the values will 
bring this phenomenon into greater prominence.^ 





Obs. 


Mol. grm. 
cals. 




Obs. 

St. 


Mol. grm. 
cals. 


Propyl alcohol 


L. 


480*8 


Thymol 


1868-7 


Isopropyl alcohol 


L. 


478-8 


Garvacrol 


11 


1864-8 


Gaproio acid 


St. 


881-2 


Glucose 


St* 


678-7 


Isobutylacetic acid 


St* 


837-6 


Fructose 


11 


676-9 


Diethylacetic acid 


tf 


887-6 


G« lactose 


>♦ 


669-9 








Sorbinose 


It 


668-6 


Ethylmalonic acid 


yt 


617-9 








Dimethylmalonic acid 


>i 


616-8 


Cane-sugar 


11 


1862-7 


Glutaric acid 


11 


616-0 


Milk-sugar 


11 


1861-4 


Hethylsuccinic acid 


11 


616-2 


Maltose 


tt 


1860-7 


Propyl formate (vapour) 


T. 


646-6 


o-Toluic acid 


A.B. 


921-4 


Ethyl acetate „ 


It 


668-9 


m-Toluic acid 


It 


922-6 


Methyl propionate „ 


11 


668-8 


Phenylacetic acid 


It 


980-9 








i9 if 


F.W. 


988-4 


Ethylene chloride 


11 


272 








Ethylidene chloride 


11 


272 


Anthracene 


St* 


1694-8 








Phenanthrene 


tt 


1698-6 


Phenyl ethyl ether 


St. 


1067-2 








m-Cresyl methyl ether 


11 


1067-8 









Fositioii- aad Btereo-Isomem have also nearly identical he:.is 



of combustion : 






Mol 


. grm. cals. 




Position-Isomers. 


Obs. 


ortho. 




meta. 


para. 


Dihydrozybenzenes 


St* 


686-2 




688-4 


688*8 


Hydroxybenzoic acids 


11 


729-6 




729-0 


726-9 


Toluic acids 


11 


929-4 




929-1 


927-4 


PhthaUc acids 


11 


771-6 




768-8 


770-9 


Xylenes 


ti 


1084-8 




1084-2 


1084-8 



Bruhl, J. prakt. Oiem.^ 1894, 40, 264. 
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The following geometrical isomers have, within experimental error, 
the same heats of comhustion : 

Gitraconie L. 477*6 cis-Hezahydroterephthalio St* 928-6 

acid acid 

Mesaoonic „ 478-8 Trans- ,, „ „ 929*5 

acid 

There are other cases in which the more labile form gives a 
distinctly higher value : 





Obs. 


Mol. grm. 
cals. 




Obs. 


Mol. grm. 
cals. 


Maleio acid 


L. 


881-3 


Oleic acid 


St* 


2669-2 


Fumario acid 


>» 


817-6 


Elaidic acid 


jf 


2664-8 


Angelic acid 


St* 


686-1 


Allocinnamic acid 


jt 


1047*6 


Tiglicacid 


» 


626-6 


Ginnamic acid 


» 


1042*8 



There is an unaccountable discrepancy in the values of tartaric 
and racemic acids, which give 261*7 and 278*7 mol.-grm.-calA. 
respectively. 

Somologoiis Series. A large number of homologous series have 
been examined by different observers, and in most cases a nearly con- 
stant difference has been noted. The following table gives the mean 
value for CH^ and the minima and maxima for each series as 
determined by Stohmann : ^ 



Series. 


Mean. 


Value for OH, 
Min. and Max. 


Aromatic Hydrocarbons 


155-6 


165-4—155*8 


Alcohols 


166*1 


154-6— 156-9 


Phenols 


156-8 


158-9—157-2 


Phenol ethers 


155-9 


155-7—156*1 Mean - 156-8 


Fatty acids, solid 


156*6 


165-0^157-6 


„ liquid 


157-2 


155-6—158-2 


Alkylmalonic acids 


156-4 


154-0—156-5 



Thomson' from a similar series of eight different groups found 
the constant to be 158*5, and for another series of seven groups 
to be 157*1, or a mean of 157*8, whilst Berthelot' from a short 
series of hydrocarbons obtained a mean of 157*5. Seeing that 
macj of the values have been determined by the older and less 
exact methods, it is not improbable that a revision would show 
a closer correspondence. Becent determinations by Fischer and 
Wrede^ point to 156 as being a close approximation to the true 
value, whilst the same observers assign to H,, from observations 

> J. praki. Chem.f 1886, 84, 826 ; 1887, 85, 28. 

' Thermochemistry, by J. Thomson, trans, by K. A. Burke, p. 891 et seq. 

* Ann. Chim. Phys,, 1898 (6), 80, 558. 

* Siteungsber. Berk Akad., 1904, 687 ; 1908, 129. 

PT. II F 
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derived from a variety of different groups of compounds, a value 
varying from 414 to 51-9 cala. 

Value for Sydrozyl Oxygen {O'), The value for hydroxy! 
oxygen has been determined by Stohmann^ from the differences 
between the thermal values of the aromatic hydrocarbons and acids, 
on the one hand, and their hydroxy derivatives on the other : 



Benzene (solid) 
Phenol 

Dihydrozybenzene 
Trihydroxybenzene 



Mol. grm. 
cals. 

777-8 
782-8 
688-4 
6890 



45-0 
48-9 

44-4 



Benzoic add 
Hydroxybenzoio acid 
Dihydrozybenzoio acid 
Trihydrozybenzoio acid 



Mol. grm. 
cals. 

771-7 
728-1 
676-9 
688-9 



48-6 
51-2 
48-0 



This VTOuld give a mean of 46 ; but the value is not constant, and 
is different for alcohols, ethers, and phenols, as the following series of 
isomeric substances shows : 



Phenylmethyl ether 
Benzyl alcohol 
Gresols (mean) 



901-2 mol. grm. cals. 

895-0 

882-0 



II 



II 



There is a difference between the first and last of 19 cals., or more 
than 2 per cent, which cannot be ascribed to experimental error. 
The heats of combustion of the organic acids have brought out the 
interesting fact that the replacement of hydrogen by carboxyl, or, in 
other words, the addition of OO2 to a compound, has a very small 
effect on the value, generally causing a small decrease of energy.' 





MoL grm. 


A 




Mol. grm 




cals. 




cals. 


Formic acid 


590 


+ 1-2 


Butane (calc.) 


679-6 


Oxalic acid 


60-2 


Valeric acid 


677-2 




. 




Propylmalonic acid 


675-2 


Acetic acid 


206-7 


+ 0-6 






Malonic acid 


207-8 


Hexane 


991-2 








Ethyl propylacetic acid 


988*8 


Propionic acid 


864-0 


-7-2 


Ethylpropylmalonic 


989-9 


Succinic acid 


856-8 


acid 




Butyric acid 


620-4 


-5-4 


Benzene (solid) 


777-8 


Olntaric acid 


515-0 


Benzoic acid 


771-7 



-2-4 
-2-0 



-2-4 
+ 1-1 



-5-6 



Another interesting fact, brought out by the work of Berthelot 
and of Stohmann and Langbein,' is that, in the formation of ethers 
and esters, the elimination of water by the union of alcohol with 
alcohol, phenol, or acid is unaccompanied by any large thermal 
effect, but is usually endothermic. 

> J. prakt Chmn., 1886, 88, 467. 

* J. prakt. Chem., 1889, 40, 228 ; 1890, 42, 258. 

' J. prakL Chem,, 1889, 40, 841 ; Berthelot, Mecanigue cfttmi^e, toL i, p. 407. 
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MoL grm. MoL grm. 

calL cals. 

Oxalic acid + 2CH,0H 401-4 Ethyl alcohol, 2 mola 651-4 

Methyl ozaUte 4021 Ethyl ether 651-6 

Mol. grm. 
cals. 

Phenol +GH,OH 90S1 

Phenylmethyl ether 905-5 

The Io68 of water in anhydride formation of certain amino acids is 
estimated by Fischer and Wrede at 4-8 to 9-3 cals. By comparing 
certain acids with their amino derivatives the same observers assign 
the value 24-4— 29-3 to the NH2 group. 

Although Thomsen ^ has calculated the thermochemical constants 
for carbon and hydrogen and for different kinds of organic 
groups and linkages and obtained values which agree well among 
themselves, they cannot be accepted without revision for reasons 
already given. At the same time they furnish striking evidence of 
the existence of such constants and the value which may be ulti- 
mately derived from them. 

The Double Bond (|-). By comparing a series of saturated and 
corresponding unsaturated compounds of different types BrOhP 
found values which were anything but constant, varying from 30 
to 50 cals. decrease in the unsaturated compound. Swietoslawski ' 
found that the thermal effect of the double and treble bond varies 
with the molecular weight of the compoimd and the nature of 
adjacent radicals and has no definite value. 

Coigiigated Double Bonds. Stohmann and Langbein/ in com- 
paring the heats of combustion of isomeric phenyl allyl and phenyl 
propenyl derivatives, showed that the more labile propenyl compounds 

gave 0-5 — 0*8 per cent, higher thermal values. 

Mol. grau ^ 
cals. 

Eugenole (H0XCH,0)C,H, . CH, . CH : CH, 1286-9 ^ « 

Xsoeugenole (HO)(CH,0)C,H, . CH : CH . CH, 12781 ^'^ 



Safrole H,c//]>C,H, . CH, . CH : CH, 1244-7 

Isosafrole H,c/ N:5«H, . CH : CH . CH, 1284-5 

Apiole H,C/ \CeH(0CH,),CH, . CH : CHj 1499-6 

Isoapiole H,c/ \CeH(OCH,),CH : CH . CH, 1489-6 



10-2 



106 



1 loo. eit, p. 891. s J. prakt. Ch€m,, 1894, 49, 268. 

* J. prakt. Chem.y 1892, 46, 680. 

* J. ru39.phya. chem, Qes,, 1909, 40, 1267, 1692 ; Zeit physik, Oiem., 1909, 65, 613. 
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The results seem to point to the effect of conjugation in the iso- 
compounds, which may be regarded as being in the more saturated or 
stable state, and therefore give out less heat on combustion. 

Recently Auwers, Roth, and Eisenlohr^ have very carefully 
ascertained the heats of combustion produced by conjugation in 
a series of terpenes containing both conjugated and unconjugated 
linkages. Taking the mean of the following three compounds as the 
normal value for CioH]^ with two unconjugated linkages. 



Limonene 1467 ^ 

Dipentene 1462 

Sylvestrene 1484 



- mean » 1464 



the following differences from the normal value were observed : 



UncoDJugatod |-, A 

Limonene + 8 

Dipentene —2 

Sylyestrene 



Conjugated |— , A 

a-Phellandrene ~29 

Carvenene —40 

a-Terpinene ^SS 



Bridged |— A 

d-a-Finene + 5 

Camphene + 7 

Sabinene +11 



The presence of the bridged ring produces a distinct though small 
thermal effect ; but conjugation asserts itself very prominently. 

Cyclic ComponndB. The formation of a closed ring from an 
open-chain compound is attended by a gain of energy, if the loss of 
Hj = 69 cals. be taken into account. The following list of saturated 
open-chain and closed-chain dibasic acids will make this evident : 





Obs. 


Mol. grm. 
cals. 




Obs. 


Mol. grm. 
cals. 


A 


Propane (vapour) 


T. 


629-4 


Cyclopropane 


T. 


499-4 


80*0 


Glutario acid 


St. 


6150 


Gjolopropane 
dicarboxylic acid 


St. 


488-6 


81-4 


Adipio acid 


V 


668-9 


Cydobutane 
dicarboxylicacid 


It 


642-5 


26-4 


Pimelic acid 


It 


828-9 


Cyclopentane 
dicarboxylic acid 


>» 


776-0 


52-9 


Suberic acid 


ft 


983-7 


Hexahydrotere- 
phthalic acid 


1* 


929-0 


54-7 



The gain in energy diminishes in the 5- and 6 carbon rings, a cir- 
cumstance which is readily explained by the strain theory (Part I, 
p. 178)y according to which the 5- and 6-carbon rings produce least dis- 
tortion of the bonds and therefore present the most stable arrangement. 

Structure of Bensene. An attempt has been made to solve 
the ' benzene problem ' by the aid of thermochemistry, and the 
subject is briefly referred to on page 411. On the assumption 
that the rupture of each double linkage produced the same 

' AnncUen, 1910, 373, 278 ; 1911, 885. 
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thermal effect, Stohmann instituted a comparison between benzene 
and its deriyatives and their reduction products, from which it will 
be seen that between parallel pairs the thermal differences are the 
same, but not the same for each double bond in the same series. 
There is a 'jump ' between benzene and the dihydro compound, the 
next two intervals are nearly equal, whilst there is again a slight 
increase between the tetrahydro and the satumted compound. 
Stohmann therefore drew the conclusion that benzene presents 
a structure which does not accord with the Kekuld formula.^ 



Mol. gnn. 
cals. A 



Mol. grm. 
cals. A 



Terephthalio acid 770-9 



A*-* Dihydro 
A»* Dihydro 
A"-* Dihydro 
A' Tetrahydro 
cis-Hexahydro 
trans-Hezahydro 
Suberic acid 



11 
11 
11 
11 
11 
11 



•'1 



8361 

842 

845-8 

882*8 

9286 

929-5 

988-7 



65-2 
71-8 
74-5 
46-7 

46-2 
54-7 



Terephthalic methyl ester 
A'-« Dihydro 



y| 



1112-7 
1181-8 



A^ Tetrahydro 

trans-Hexahyd ro 

Suberic methyl ester (calc.) 1824*9 



»♦ 



11 



1226-8 
1278-9 



68-6 



45-5 

47-1 
51-0 



Mol. c^m. 
cals. 

Phthalicacid 771*6 
A«-« Dihydro „ 848-1 

A> Tetrahydro ,. 881-6 



Mol. grm. 
cals. A 



71-6 
88-5 



f» 



Benzene 

Dihydrobenzene 

Tetrahydrobenzene 

Hexahydrobenzene 

Hexane 



779-8 
848-0 
892-0 
988*2 
991*2 



68-2 
440 
41.2 
58-0 



Although the agreement between the different series is fairly con. 
cordant and at first sight appears to confirm Stohmann's conclu- 
sion, there are a number of other facts which must be considered 
before the Eekul^ formula can be abandoned on this ground.' 

In the first place, we have seen that the value for the double bond 
varies enormously in different compounds and even in compounds 
which are so closely related as geometrical isomers (p. 238), or the 
three dihydroterephthalic acids in the above table. 

This variation is still more manifest in the relation between con- 
jugated and unconjugated double linkages. Conjugation, as we have 

* A careful redetermination of the values for the saturated and unsaturated 
aromatic hydrocarbons by Roth and Auwers {Annalen, 1915, 407, 148) shows that 
the above differences are not quite correct, but that there is a gradual falling off 
from 64 cals. between the aromatic hydrocarbon and the conjugated oycloheza- 
drene, to 50 cals. between the latter and cyclohezene and 45 cals. between cyclo- 
hezene and cyclohozane. In the case of the two dihydronaphthalenes, one 
being conjugated and the other not, there was a difference of 5 caU. less in the 
conjugated or more stable compound. They consider that the nature of the 
conjugation and the symmetry of benzene would tend to produce greater 
stability and less free energy than in the other compounds, which would be indi- 
cated by a successive diminution in the thermal difference for each double bond. 

* The subject has been very fully and fairly discussed by Briihl (J. prakt. Chem,^ 
1894, 48, 260). 
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already pointed out, means increased stability and consequently 
a relatively smaller heat of combustion. The most recent and 
accurate determinations^ of the values of sorbic, hydrosorbic, and 
caproio acid show a difference between the first two of 48*6 cals., and 
the last two of 42-6 cals. The conclusion is obvious that if there 
exists a difference between the highest and lowest value among 
isomeric dihydroterephthalic acids of 9*7 cals., it is impossible to 
foretell the effect of the additional double bond in terephthalic 
acid except that it is almost certain to have a value very different 
from the mean of that which divides the di- and tetra-hydro acids. 

ABSORFnON SPECTRA AND STRUCTURE 

Absorption of Light. The phenomenon of colour is associated 
with selective absorption, that is, with the absorption of certain light 
rays and the transmission or reflection of others. This is best observed 
in solution by allowing a beam of ordinary light to enter a liquid in 
which the coloured substance is dissolved, and then examining the 
spectrum after the light has passed through a prism. Certain dark 
bands in the spectrum, where absorption has occurred, will make 
their appearance. But absorption is not confined to the visible 
spectrum. There is an infra-red region, of long wave length, which 
is characterised by its heating effect, and an ultra-violet region, of 
short wave length, productive of chemical activity, where absorption 
may occur. Glass and water are transparent to visible light, but 
the former absorbs ultra-violet light and the latter infra-red light. 
In addition to the region of the ultra-violet, infra-red, and visible 
spectrum^ absorption of both shorter (Rdntgen) waves and longer 
(heat and electrical) waves has been observed. The following scheme 
gives the nature of the rays and range of wave lengths (A.) in different 
parts of the spectrum : 

Rontgen. Ultra-violet. Visible region. Infra-red. Heat rayis. 

X '01-1 fifi 100*400 /xM 400-800 fi/A 800;t/*-l;i Iftr-lO/i 

Electrical waves. Short. Long. 

X 1 mm.-10 mm. 1 cm.-1000 km. 

1/1/1== •000001 mm. 1 ft = "001 mm. 

The portion of the spectra which at the present time has a special 
significance in relation to chemical constitution is the region whieh 
includes the ultra-violet, visible, and infra-red. Absorption in the 
first two may be detected by photography, and in the last by the 
heating of an electrical resistance in an instrument known as 

1 Fischer and Wrede, SiUungtber. BerL Akad^ 1904. 
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Langley'a bolometer. According to Drude and others, it is probable 
that selectiTe absorption in the visible and ultra-violet region is 
determined by the period of free vibration of the electron, caused 
by the electro-magnetic energy of the incident beam— in other words, 
by a process similar to that of * resonance ' in sound. As the number 
of these electrons was found to correspond roughly with the number 
of valency electrons present in the molecule, it follows that the latter 
must be concerned in the process of selective absorption (Part I, 
p. 97). It is important to bear this in mind in view of the constant 
association of colour with unsaturation. Seeing that the period of 
vibration of the electron can be determined by spectroscopic investi- 
gation, it seems natural to conclude that observations of this character 
should eventually throw some light on the structure of the atom 
as well as on the whole structure of the system emitting these 
idbraitions, that is, on the constitution of the molecule. 

Drude has further shown that the particles which absorb in the 
infra-ied must have a change of opposite sign to the valency electrons, 
and possess a much larger mass ; they are probably identical with 
the atoms. 

Little is known as yet of the relation of the infra-red absorption 
to structure. The effect is apparently additive, and so far as it has 
been studied, the lines or bands, which are developed, can be traced 
to certain atoms or atomic groups. We shall therefore confine our 
attention to the results of observation on the absorption in the 
visible and ultra-violet region. 

From what has been stated it will be inferred that absorption in 
the ultra-violet is not intrinsically different in its origin from that 
in the visible region, and the name 'invisible colour' hi|s not 
inappropriately been assigned to selective absorption of these rays. 

ISxpenrnmitBl Method. Before discussing the structural causes 
and effects of visible and ultra-violet absorption, a brief outline will 
be given of the experimental method of investigation. The method 
in its essential features has been developed by Sir N. Hartley,^ who, 
in conjunction with his collaborators, has carried out a series of 
investigations extending over many years. It consists in causing 
a beam of ordinary light, or one rich in ultra-violet rays (obtained 
with an arc firom metallic electrodes), to pass through a solution of 
the substance and then through a spectrograph, provided in the case 
of ultra-violet absorption with quartz lenses and prism and a camera 

^ Hartley and Hantinston, PML Trans., 1879, 170, 257. 
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oootaiaiDg a pboti^r&phic plat«. The spectrum when photograpbed 
reveals the position of the absorption bands. The arnngement of the 
apparatus will be readily understood from Figs. 10 and 11* 

Fig, 10 is a diagrammatic illustration, in which a represent! 
the metallic electrodes, b the absorption>cell containing the liquid. 




e the collimator tube, d the quarts prism, e the back of the camera 
with photographic plate, /the slit, and g, g quartz lenses. 
Fig. II ifi a photograph of a general view of the apparatus. 
The spectrum of ultra-violet light from metallic electrodes consists 
of innumerable lines distributed over the ultra-violet region, and the 



absence of these lines, produced by the absorbing medium, may ba 
readily detected. The photographs, Figs. 15 and 18, ^Jng p. 78, show, 
at the top, the spectrum of the metalhc lines, and below, the absorp- 
tion bands produced by various strengths of solutions of cotamine 
and its derivatives in different solvents. 

A solvent is selected which ia, as far as possible, disctinic, and 
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usually water, methyl and ethyl alcohol are employed for the 
purpose. A series of photographs are then taken on the same plate 
of different dilutions or of dififerent thicknesses of liquid layer. 
We may suppose, for example, that the absorption of a normal 
solution of a layer 10 mm. thick is first determined, and the thickness 
reduced to 9, 8, ... 1 mm. A tenth-normal solution is then taken 
of 10 nun. thickness, which is equal to a normal solution of 1 mm.,^ and 




Fio. 12. 



in the same way thicknesses of 9, 8 ... 1 mm. recorded. The latter 
may be again diluted and examined in different thicknesses and so 
a continuous series of spectra obtained, until a dilution is reached 
where no absorption occurs. This mode of recording results was 
introduced by Hartley, the oscillation frequencies (i. e. the reciprocals 
of the wave lengths) being plotted as abscissae against the concen- 
trations as ordinates. The oscillation frequencies ( 1/A.) for the infra-red, 
visible, and ultra-violet regions are usually given in four figures, and 
are roughly represented as follows : 



A. 



Infra-red. 
1000^1890 



ViBible. 
1S90-2640 



Ultra-violet. 
2640-5000 



Instead of preparing different strengths of solution, Baly and 
Desch' use an adjustable tube, furnished with quartz plates, for 
ultra-violet absorption, Fig. 12. 

The liquid is introduced through the bulb b surmounting the 

^ According to Bttn's Vntjo the intensity of colour in a solution is proportional to its 
concentration, that is, a layer of a certain concentration is equal to one of double 
the thickness and one-half the concentration. The law, it should be added, is not 
without its exceptions, which have been accounted for by ionisation, hydrolysis, 
association, union with the solvent, or some change of structure of the solute. 
The solvent also has its specific action, and according to K\imdJCs rule, the greater 
its index of refraction, the more the absorption bands are shifted towards the 
red. ThiB rule is also not free from exceptions. 

* 2Vons. Chem, Soc,, 1904, 86, 1029. 
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tube A, and the thickness of the liquid layer may be increased or 
diminished by pushing in or withdrawing the inner movable tube o, 
which is attached by the rubber band d. Also, instead of recording 
differences produced by cutting off equal layers of solution, it is 
now customary to calculate and plot the logarithms of the thicknesses, 
or, more frequently, to etch on the outer tube divisions corresponding 
to the logarithms of the thicknesses.^ Thus, each thickness is the 
same multiple of the previous one, and successive exposures 
represent exactly equal proportionate increments or decrements of 
concentration. 

The curve, Fig. 17, is plotted from the photographs, Figs. 15, 16 
(p. 78), on the above principle. The curve follows the contour of 
the series of absorption bands. It will be seen that the thickest layer 
produces the broadest band. As the layer becomes thinner, the band 
may become narrower or break up into two or more bands, which 
finally disappear when the column of liquid is reduced below a certain 
thickness. The lowest point of the curve is called the head, and the 
length through which it extends, its persistence. The latter feature 
is of considerable importance in relation to the structure of the 
molecule. 

Absorption spectra among organic compounds may be divided 
broadly into two types, namely,* those in which there is general absorp- 
tion, that is, uniform absorption over a certain region of the spectrum, 
and those in which it is selective or banded. In the visible spectrum 
selective absorption is accompanied by the appearance of colour. 
The substances producing ultra-violet absorption are colourless, and 
have been divided by Haiiley into three classes : those which produce 
general absorption, but which on dilution with inert solvents 
become readily transparent to the rays (aliphatic hydrocarbons) —in 
this class, substitution of hydrogen by OH, CO2H, OCH3, and NH^ 
groups has little effect on the character of the absorption, and only 
affects its intensity; secondly, those which absorb more strongly 
than the above and which are less influenced by dilution (cyclic 
compounds, furfurane, thiophene, pyrrole, piperidine, hydroaromatio 
compounds, &c.) ; and finally, those which exhibit a banded spec- 
trum (benzene, naphthalene, pyridine, and their derivatives, and 
certain aliphatic ketones). 

It is only by a banded spectrum and by the number, position, 
and persistence of the bands that a substance can be characterised. 
As yet no direct connection has been established between the struc- 
ture of a compound and its absorption spectrum. It is impossible 
1 Lowry and Desch, Trans, Chem, Soc, 1909, 86, 822. 
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to state a priori the kind of absorption which a particular type of 
compound will produce. All that can be definitely stated is that 
among the lower members of a homologous series increase in mole- 
cular weight is frequently accompanied by a shifting towards the 
red end of the spectrum ; but the effect dies out among substances 
of high molecular weight 

AppUcation of Absorption to Btmctarc. The only method 
which is available for determining structure is one of comparison or 
analogy, based on the assumption that compounds of similar structure 
exhibit absorption curves of similar shape. 

It is in this direction that the work of Hartley, Dobbie, Lauder, 
Baly, and others has proved so valuable, and for this purpose it is 
immaterial whether the effect is confined to the visible or ultra- 
violet region of the spectrum. The method has been applied with 
^eat success in deciding between alternative formulae^ especially 
among tautomeric compounds, to which a brief reference is made on 
p. 850. 

The Btmctnxe of Zsatiii. We will consider a few examples by 
way of illustration.^ One of the most interesting is that of isatin, 
which forms two isomeric ethyl derivatives, one derived from the 
lactam, the other from the lactim structure. Baeyer regarded the 
free compound as representing the lactim formula (p. 814), 

CO CO 

OH C6H4<^'>CO 

•N 

Isatin (Laotim). Psendolflatin (Lactam). 

Formulae for Isatin. 

which agreed with the observation of Schunck and Marchlewski, 
that the substance yielded only one monoxime and one phenylhydr- 
azone. Goldschmidt, on the other hand, found that isatin gave, with 
phenylcarbimide, a carbanilido derivative and not a carbamate, thereby 
indicating the lactam structure : 

CO CO 

C,H^<^ . OCO . NHCeHfi CeH^/NcO 

N N.CO.NHCeHj 

Isatin earhamate Carbanilido isatin 

(Lactim). (Lactam). 

On comparing the absorption curves of the two isomeric methyl 
^ See Hartley and Debbie, Tram., 1900, 77, 498. 
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derivatives i^ith that of free isatin (Fig. 13), the close resemblance of 
the latter with the ^-methyl ether established the structure definitely 
in favour of the pseudoisatin or lactam formula.^ 

The same method was employed in the case of carbostyril, by 
comparing it with the two methyl ethers, and the result was also in 
favour of the lactam formula : 



/CH=CH 
CeHZ I 

\n=C(OH) 

Garbostyril (Lactim). 



/CH=CH 

CeHZ I 

\nh— CO 

PModocarbostyril (Lactam). 
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Methylpteudoiiatiii. 



MtttiyUMtiB. 



Ziattn. 
Fto. 18. 

The curves of the two ethers and that of carbostyril are given in 
Fig. 14, 

Ley and Ulrich * have also shown that it is possible to distinguish 
between an ortho-amino acid with an open or closed chain (betalne) 
structure by means of the absorption curves. For example, the 
methyl ester of dimethylanthranilic acid has a different absorption 
curve from that of the isomeric betaXne. 

N(CH3)3 



•Xl 



NlCHa), 






JOOCH3 

Dimethylanthranilic ester. 



CO 

a-Benzbetalne. 



1 Hartley and Dobbie, Trans, Chem. Soc., 1899, 77, 640. > &r., 1909, 42, 8410. 
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fltraotltx* of tlu Allnloida.* A nveraible isomeric change simil&r 
to tiiat of iektin and poeudoiaatin is seen in the ammonium and 
pseudo-ammonium bases, which are discussed on p. 847, where 
reference is made to the case of phenylacridinium methyl chloride 
and its conTeieion into phenylmethylacridol. 



C,H. 
I 




C,H, 

I 



C!,H, 
I 
0(0H) 



C.H,<, 



oh; OH 

Phenflmatbyl- 

(tn.*" ° 

ban). 



CH, 

Phenylmath?!- 

•cridol 



Dobbie, Lauder,and Tinkler* have found thatcotamine(PartlII,p.8 



is8SS!SESS?2SSSSiSESs|s»8SifB 
t^ 




OutettjrU. 
Pro. 1«. 

undargoes a precisely similar change, which may be followed in Uie 
same way by plotting ita absorption curves. Whereas solutions of 
cotamine in ether and chloroform are, like the solid base, colourless. 
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its solutions in water or alcohol are yellow. The spectra of the colouiv 
less solutions agree with those of hydrocotarnine and cotamine 
cyanide. The yellow solutions, however, giye an absorption spectrum 
identical with that of the hydrochloride, but quite different from 
that given by the colourless solutions in ether and chloroform. 
Photographs of the spectra of cotamine and its hydrochloride in 
water are shown in Fig. 15 (a and b)j and of cotarnine and hydro- 
cotarnine in ether in Fig. 16 (a and h). 
The curves are traced out in Fig. 17. 
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Fig. 17. 

In order to explain the existence of the two kinds of spectra, to 
one or other of which all the cotarnine compounds conform, the 
following foimulae of Decker have been adopted : 

yCH=NCH3 . OH /CH{OH) . NCH. 

C8H,03< I :^ CsHeO/ 



I 



^2 — CHj 
Yellow ammouiom base. 



CHjj — 

Colourless pseudo- 
ammonium base. 



<3H. 



In other words, the change is a reversible one, corresponding with 
that of phenylmethylacridinium hydroxide to phenylmethylacridol. 
Hydrocotarnine, the cyanide, and the solutions in ether and chloro- 
form will be saturated and colourless, 



STRUCTUEE OP THE ALKALOIDS 79 

C2 . N . CH3 /CH(CN) . NCHa 

I C,H,03<r I 

Hydrocotarnine. CyanocotamiDe. 

whereas the aqueous solutions and the salts will be . unsaturated 
and coloured. 



aH«o / 



CH=NCH3 . a 
CH2 — CH2 



M5Hj- 

Ootarnine chloride. 



It follows naturally that alkalis convert the yellow salt into the 
colourless base and that acids produce the reverse reaction, and these 
changes can be observed by the accompanying modification of the 
absorption spectra. 

Hydrastine (Part III, p. 834) has been investigated in the same way. 
Like cotamine it is colourless, giving colourless solutions in anhy- 
drous alcohol, ether, and chloroform, but changing to yellow in water. 
The absorption spectra of the colourless and coloured solutions are 
different, the former resembling hydrohydrastinine and the latter the 
salts of hydrastinine and its solutions in water. The formulae are 
consequently represented as follows : 

yCH(OH) . NCH3 /CH=NCH3 . OH 

C,HA<i I C,HA< I 

XIHa CH2 NJH2 . CH2 

Colourless carbinol Yellow ammonium base 

in ether and chloroform. and salts in water. 

yGo.2 • Xi • GII3 

C7H,02< I 

^CHj— CH2 

Hydrohydrastinine. 

A knowledge of the complete structure of some of these alkaloids 
has demonstrated the utility and trustworthiness of the method.^ 

Stereoisomeric alkaloids have been shown to give the same spectra. 
Illustrations of this are afforded by d- and d^corydaline, narcotine, 
and gnoscopine.* The spectra of quinidine and cinchonidine are 
identical with those of quinine and cinchonine, and are probably 
stereoisomeric. Active canadine i^d inactive tetrahydroberberine 
were found to have the same spectra. Subsequently Gadamer' 
resolved the latter into its components, one of which was identical 
with canadine. 

Homologous alkaloids also give identical spectra, and the same is 
true when hydrogen is replaced by a methoxyl group. The fact that 

> Tinkler, Trans. Chtm. Soc., 1911, 99, 1840 ; Bobbie & Fox, ibtd., 1914, 105, 1639. 
* Traru. Chtrn, Soc,, 1900, 77, 498, 509. > Arch. Pharm,, 1901, 239, 648. 
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laudanine and laudanosine have the same spectrum, which is also 
similar to that of tetrahydropapaverine*, shows that they are homo- 
logues and allied to the latter substance. Since these observations 
were made, laudanosine has been obtained synthetically and proved to 
be N' methyltetrahydropapaverine or the methyl ether of laudanine.^ 
The presence or absence of small groups seems to have little effect 
on the absorption spectrum. The oxidation of an unsaturated side- 
chain to carboxyl also produces little modification, but the reduction 
of a ring causes fundamental changes.' Though papaverine and tetra- 

& OMrilktioB rr«ia«elM. 8* 
• S ^ * - ^ • • ^ ^ •9^-_«j|^ - 



Phletofflneiaol 

Trimtkyl 

BtkCT 




-ffUmfteelMl' 






L.J 



Fio. 18. 



hydroberberine are isomeric, the difference in spectra is a proof of 
a difference of structure.' It may be laid down as a general rule that 
those alkaloids which agree closely in structure give similar absorp- 
tion curves, while those which differ in essential features give 
dissimilar curves. 

> Ber., 1909, 42, 1979. 

• Trans. Chem. Soc, 1885, 47, 691 ; 1900, 77, 846. 

> Dobbie and Lauder, Trans. Oum. Soc., 1908, 83, 626. 
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Z«to-Eitol T«Qtom«tum. Hartley, Dobbie, and LauJer ' wera 
Bble to prove that phlorogluoinol {which sometimea functions as s 
ketone and at other timea aa a phenol) had a true phenolic structure 
in the fi«o state, by comparing its absorption curve with that of ita 
methyl ether. It will be seen from these curves {Fig. 18) that the 
two bear a close resemblance, and seeing that the methyl ether can 
only represent the phenolic structure, that of the free compound 
must have the same. 

In the same way, Hartley and Dobbis found that the two dynamic 



Fia. IV. DibeDzoylmeLhane. 
isomers, dibenzoylmetbane and oc-hydroxybenzalacetophenone, could 
be readily differentiated. 

CgHj . CO . CHj . CO . CaH, C,HjC{OH) : CH . CO . CgHj 

Uibenzo jlmethane. a-H jdrozybe ozalacetophenone. 

They both exhibit two well-defined absorption banda, which, how- 
ever, differ in position and peimstence {Fig. 19). 

In examining the ultra-violet absorption spectra of acetylacetone 
and certain metallic derivatives in alcoholic solution, Baly and Desch ' 
found that all the substances show absorption banda (Fig. 21). 
> Trmu. OuM. Sm., 1902, 81, 929. • Tran$. Ctum. 3oc, 1904, 86, 1029. 
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They are therefore closely allied in structure, and are probably 
•nolio. In the case of ethyl acetoaoetate, which is mainly ketonio 
(see p. 817), there is no band, whereas its metallic derivatives show a 
strongly banded absorption, almost identical with that of acetyl- 
acetone. Moreover, the addition of caustic soda develops a banded 
speetruni, the persistence of which increases with the addition of the 
alkali until it reaches a maximum (Fig. 20). 

The authors originally suggested that the appearance of a banded 
spectrum was determined by a vibrational disturbance in the valency 
electrons produced by the process of dynamic change. A similar view 
was applied to the 1 . 2 diketones, the quinones, and certain other 
aromatic compounds which likewise show a banded spectrum. As 
tautomeric change is precluded in certain of these compounds, the 
vibrational disturbance was attributed to the recurrent making and 
breaking of linkages, termed isorropesis {uroppowta = equipoise). Thus, 
in the quinones the following changes were assumed to recur : 



O 



O 



A 





o 



I 

0- 



There are many facts which render this theory improbable. 
WiUstfttter ^ found that o-benzoquinone exists in both a colourless 
and a red modification. Supposing the two isomers to represent 
the pure quinone and peroxide forms, neither compound should 
exhibit absorption bands. Moreover, dynamic isomerism is not 
necessarily accompanied by the presence of absorption bands. 

Bynamic Zsomerism and Absorption. The relation between 
dynamic isomerism and selective absorption has been very carefully 
studied by Lowry and Desch,' who were able to trace the extent to 
which isomeric change determines the existence of a banded spectrum. 

Nitrocamphor and bromonitrocamphor are known to exist in 
two isomeric forms, which, under certain conditions, pass into one 
another, forming an equilibrium mixture. The change, which can 
be accurately followed in the polarimeter by noting the change in 
rotation, is termed mutarotation, and is discussed on p. 34S. 

1 jg0^, 1908 41, 2680. 

* Trans. ChJm. Soe.f 1909, 06, 807, 1810 ; 1910, 97, 900. 

g2 
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Lowry has shown that by altering the solvent it is possible to vary 
at will the period of change, to accelerate or retard it» or to stop it 
altogether. He concludes from his obsenrations that 'in spite of 
the wide range of velocities, no great alteration was seen in the form 
of the absorption curve. Each spectrum showed a 'step out ', but no 
band. ... It is clear then that the isomeric change of nitrocamphor, 
even although it involves actual transference of a mobile hydrogen 
atom and takes place with high velocity in both directions, can pro- 
ceed incessantly without production of a band.' On addition of alkali 
(NaOCjHg) a deep band was developed, but according to polarimetric 
observations the compound was purely enolic, and no intensification 
of the band could be detected on addition of a further quantity of alkali. 

Precisely similar results were obtained with bromonitrocamphon 
Thus, no special feature was observed in the spectra of the paeudo 
compounds to distinguish them from the normal modifications, 
until alkali was added, when the same band was developed in both 
modifications. This result was expressed as follows : 

O 



/CHNOj y(X I XrN.ONa 

C«H,/ 1 :^ CsHh< I \n . oh ^ CgHi/ I 

XJO XX) ^CO 

Normal nitroeamphor. Paeudo nitrocamphor. Sodium salt. 

In the case of <x-bromocamphory which rapidly enolises on the 
addition of a trace of alkali, but not in neutral solution, no change is 
produced in the absorption band. Again, a definite band may be 
produced in a compound from which all possibility of isomeric 
change is removed, as in oi- and ot-bromomethyl camphor. 

;H . CHjBr yCBr . CHs 




^O XJO 

«»-Bromomeihyl a-Bromomethyl 

camphor. camphor. 

Thus, reversible isomeric changes cause no selective absorption, 
and in the simpler camphor derivatives the band is produced with 
equal facility, whether the substance is undergoing isomeric change 
or not. 

There appear, from what has been stated, to be two kinds of 
absorption bands, namely, those produced by the addition of alkali 
and not by the parent substance, and which must therefore be due 
to a definite structure, and those which are developed indifferently 
in a neutral or alkaline solution. For the latter no complete 
explanation is forthcoming, and the authors suggest that it may be 
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caused by residual affinity of certain unsaturated atoms or groups, 
such as have been shown to give rise to exaltation of refractivity 
(p. 28) and magnetic rotation (p. 58).^ 

Hantzsch ' has arrived at much the same conclusions in regard to 
acetoacetic ester and its derivatives ; that inasmuch as the pure keto 
and enol forms exhibit general absorption, though of varying inten- 
sity, whereas the alkaline solutions show a banded spectrum, the latter 
must be regarded as possessing a different structure from the other two. 

This difference of structure between the enol form and its metallic 
derivatives is attribute to the residual valency of the metal (Me) and 
is represented thus : 

CH3.O.OH . CHg.C.OMe 



HC.CO.OR HC.CO.OR 

Bait's Theory of Absorption. Baly' has replaced the theory 
of isorropesis by one of a more comprehensive character. Like 
Lowry and others, he bases his view on the existence of residual 
affinity. In a molecule the residual affinities of the separate atoms 
will tend to neutralise one another with a certain loss of energy ; 
but the whole of the free affinity will not necessarily disappear, and 
what remains forms the residual affinity of the molecule, and lends 
to it its basic or acid character. 

This breaking down of the neutralised free affinities of the atoms, 
or, as the author expresses it, * the unlocking of the condensed lines 
of force emanating from the secondary valency electrons,' may give 
rise to a variety of effects. The unlocking process may be brought 
about by adding energy to the system in the form of heat or light. 
Among the effects produced are, in the first place, selective absorption 
or the absorption of those rays which correspond to the disposition 
of the electrons in the system upon which the light falls. Where 
no such absorption occurs, it is assumed that the closed system 
remains intact. The effect of the solvent, which may produce selective 
absorption where the pure substance fails to do so, is determined by 
the residual affinity of the solvent, which can in the same way unlock 
the closed system. The solution can now absorb light, and conse- 
quently exhibits a banded spectrum. This union of solvent and 
solute (solvate) may explain the deviations from Beer's law and the 
existence of Kundt's rule.* The combination may be regarded as the 

1 Lowry and Southgate, Trans. Chem, Soc., 1910, 97, 899, 912. 

* Bar., 1910, 43, 8049; 1911,44, 1771 ; see also Stewart, Trtma. Chem. Soc., 
1918. 103, 406 ; and Bieleoki and Henri, Ompt. rtnd., 1914, 158, 866. 

» Trans. Chem. Soc, 1912, 101, 1469 ; ZciLf. Ekktrochsmie, 1911, 17, 211. 

* See footnote, p. 78. 
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initial stage in a true chemical union. If this union is sufficiently 
active it will pass to a second stage ; a re-arrangement of electrons will 
take place, and a chemical reaction occur. 

For example, some organic compounds which exhibit certain bands 
in alcohol solution, combine on warming with sulphuric acid, forming a 
sulphonic acid. It has been shown that the position of the bands is 
shifted on dissolving the substance in sulphuric acid, and is again 
displaced after combination with the acid has occurred.^ 

Stark's Theory of Absorption.' Stark recognizes three kinds of 
valency electrons : unsaturated, saturated, and loosened {geJockert). The 
unsaturated electron is confined to its own atom and is present in 
monatomic gases. The lines of force which emanate from the saturated 
electron are attached to other atoms ; they are present in the molecules 
of elements and compounds. The loose electron is not attached to 
another atom, but may be displaced under the influence of neighbour- 
ing electrons, as for example in ionisation. All the three varieties 
can be separated from compounds by adding energy ; decomposition 
accompanies the removal of the saturated electron, but not that of 
the unsaturated or loosened electron. The valency electrons are the 
centres of emission and absorption spectra. By the partial separation 
of a valency electron from its positive atom and re-attachmeni, 
electro-magnetic waves are emitted, kinetic energy of the electrons 
being converted into electro-magnetic energy. The band spectrum 
of the unsaturated valency electrons lies in the ultra-violet region, 
that of the saturated electrons in the extreme ultra-violet region. If 
the saturated electron vibrates with its atom, absorption in the 
infra-red occurs. The absorption by the loosened electrons probably 
lies in the visible and ultra-violet (the rays have a wave length less 
than 700 /a/a). Chemical change, such as substitution, creates an 
increased loosening of the electron and consequent shifting of the 
absorption towards the red. Loosened electrons are present in carbon 
atoms of compounds with an aromatic nucleus (benzene, naphthalene, 
&c.), and also in carbon and oxygen (diketones, quinones) as well as 
in nitrogen (azobenzene and its derivatives). The chromophores, 
which will be presently referred to, contain these loosened electrons 
and are regarded by Stark as the centres of light absorption. 

Nitro, azo and nitroso groups each contain a pair of such electrons, 
which may be regarded as synonymous with residual valency of these 
groups. The saturation of these electrons destroys selective absorption 

1 Baly and Rice, Trans. Chem. Soe., 1912, 101, 1475. 

* Did Prirmjriender Atomdynamik, Part II, J. SUrk. Hirzel, Leipzig, 1911. 
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Id the viaible aod ultrvviolet region, uid the source of colour 
disappeua. 

Ateocptioii Speotrft of tlie Simplar Aromatic Compooads. With 
the exception of a few alipbatic compounds, such as the groups of 
diketones already referred to, and certain nitro and nitroso com- 
pounds, the great bulk of compounds, which give a banded spectrum 
uther in the Tisible or ultra-violet region, belong to the aromatic 
series. 

A general feature of the absorption OwiltaHoa PraqiuBdM. 

spectra of benzene deriTstives is the K 1 S 1 1 1 ' 

remarkable change in the character of 
the spectrum produced by the introduc- *^' 
tion of even the simplest substituent' '* 
Benzene dissoWed in alcohol exhibits ^ "' 
six or mren narrow bands lying within J "' 
the oscillation frequencies of 8600-4400, | *'' 
as shown in Fig. 22. | ** 

The introduction of alkyl groups ^ 
causes merely a fusion of these bands, "g 
In toluene and the other monalkyl deri- | '"' 
vatiTes three of the bands are merged 3 
into one, and in o- and tn-xylene only 1 
one band is left, whilst the para com- ^ 
pound retains two.* It is an interesting | 
fitct that among t^e di-derivatires of § 
beruene the para compounds usually t* 
retun more of the benzene bands, or, if "^ 
the number is the same, the bands 
exhibit greater persistence than those 
of the other two isomera* A similar ^^ 
fuuon of bands is produced by the pta. 22. Baniane. 

hali^n deriTstives, the persistence and 

shifting towards the red being increased with increase in atomic 
weight of the halogen, whilst the number of bands decreases 
from fluorine to iodine, the latt«r showing continuous absorption. 
It appears that the presence of unsaturated groups, or, in other 
words, residual afGnity, plays an important rAle in modifying or 
obscuring the absorption bands of the nucleus, and shifting ib 

1 Hirtler and Bobble, Tram. Oirnt. Sot., 1888, 78, 696 ; Bulj and CoUl^ Irant. 
Cum. Sac, 1906, 87, 1811. 

' Hartley, TraHM. Otm. Sec. 1S85, 47, 686. 

 Baly and Ewbank. Trant. Chim. Sue, 1906, 87, 1B6G. 
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towards the rad. Unsaturated side-chains cause a shifting towards 
the red and obliteration of the benzene bands. Styrene exhibits a 
broad band and stilbene general absorption. 

An interesting case is that of amino compounds such as aniline, in 
which nitrogen is tervalent. The bands of benzene are here fused 
into one and shifted towards the red (3200-3800). When the 
nitrogen is saturated by conversion of the base into the hydrochloride 
some of the benzene bands reappear in their original positions.^ 
Acetylation of the amino group has a similar effect in shifting the 
band towards the region of shorter wave length. 

The spectrum of phenol in alcohol consists of a broad and deep 
band (8600-3800), which in its ethers divides into two. Conversion 
into the sodium salt causes the band to shift considerably towards 
the red (3400), whereas the spectrum of the phenol ethers is unaffected 
by the addition of alkali. Salt formation in the case of phenol has, 
therefore, the reverse effect of that of aniline when converted into 
the hydrochloride. On the other hand, the band which |>-aminophep il 
shows at 3250 is shifted towards the ultra-violet (3600) on addition of 
acid, and behaves like aniline. The curve for phloroglucinol is shown 
in Pig. 18, p. 80. 

Benzyl alcohol and its ethyl ether show a broad and shallow band 
at about 3600. 

The introduction of nitrogroups generally produces a fusion of 
the benzene bands. Nitrobenzene shows strong general absorption 
and an undeveloped band at about 4000. Methyl groups develop in 
nitro compounds a distinct band slightly shifted towards the red, 
whilst the substitution of nuclear hydrogen by hydrozyl and amino 
groups brings about the appearance of well-developed bands strongly 
displaced towards the red. The bands of m- and j7-nitraniline have 
their heads at about 2600-2800 ; that of l^nitrophenol in water or 
alcohol at about 3200. In the latter case the addition of alkali 
produces a marked displacement towards the red with the head at 
2400-2600, and, in this respect, its behaviour resembles that of phenol. 
Both the nitranilioes and nitrophenols have a yellow or orange 
colour when in the free state or in the form of salts. They will be 
referred to again when the question of the structure of coloured 
compounds is discussed (p. 90). 

Benzoic acid shows a fusion of the benzene bands and displacement 
towards the red.' Salt formation produces a slight shifting back 
towards the ultra-violet. This is the reverse of the effect produced 

1 Balj and Collie, Trans. Chem. Soc, 1905. 87, 1388. 
s Hartley and Huntington, FhU, Trans., 1879, 170, 257. 
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T^tli phenol, so that when the hydroxybenzoic acids are treated with 
alka.li, sufficient to form the benzoate, displacement towards the ultra- 
violet is first produced, and is followed, when the hydrogen of the 
hydjnoxyl group is substituted, by a shifting towards the red. 

Xjike unsaturated hydrocarbons, the presence in acids of an 
unsaturated side-chain, as for example in cinnamic acid, causes 
displacement towards the red and the appearance of a broad band. 
On reduction to hydrocinnamic acid three of the benzene bands 
reappear. 

Senzaldehyde produces a shallow band at 8500, and benzonitrile 
ti^o bands in a position slightly nearer to the red, whilst acetophenone 
produces weak general absorption. 

Thus^ the general effect of substitution, especially of groups pos- 
sessing residual affinity, is to develop colour by shifting the absorption 
to^wards the visible region of the spectrum (p. 118). The order of the 
different groups, beginning with those causing least displacement, 
v.H>uld be roughly as follows : 

CHj.CN.COOH.OH.ONa.NHj.NOj 

The reverse process is caused by salt formation in the case of 
amino compounds and carboxylic acids. 

Rkfebekcb. 

Satidbueh der Sptctroeoopie. vol. iii, by H. Kayser. Hirzel, Leipzig. 



CHAPTER n 

COLOUR AND STBUCTURE 

Thb large number of brightly coloured organic compounds which 
have been discovered in recent years has naturally led chemists to 
speculate on the cause of colour, and to look for some general 
structural characteristics of these coloured substances which might 
determine their property of selective absorption. 

The earlier theories translated colour into terms of structure without 
much regard to the physical cause which produces selective absoip- 
tlon in the visible spectrum. It is only within the last few years 
that the spectrograph has come into common use as part of a labora- 
^ry equipment) and the absorption spectra of organic compounds in 
the visible and ultra-violet region carefully studied and mapped. 
Thus, the field of view has been extended and attempts have been 
made to bring into line the older theories of structure with the more 
recent results of spectroscopic examination. How far these attempts 
have been successful will be briefly discussed in the following pages. 

Theory of O. V. Witt.^ One of the earliest theories connecting 
colour with structure is that of O. N. Witt^ who attributed colour to 
the presence of certain unsaturated groups or chromqphareSf of which 
the most important are the following: C=C, C^O, 0=8, C^N, 

Ns=N, N=0, l^r^ .To these the ortho- and para-quinoid radicals, 

^O 



=<o- 



=y — % 

Para-qninoid. Ortho-quinoid. 

which may be regarded as compact assemblages of C=0 groups, were 
subsequently added.^ 

On reduction or addition of halogens the unsaturation of the group 
disappears, and with it the colour. Hence unsaturation, as Graebe and 
Liebermann' first pointed out, seems to be correlated in some way 
with the attribute of colour. When the chromophore forms part of 

^ Ber,, 1876, 0, 622 ; 1888, 21, 826. 

* Nietzki, Organiache Farhttqff'e, Springer, Berlin, 1898 ; Armstrong, Proe, Chem. 
Soe^ 1892, 8, 101 ; Green, Proc Chem. Soc., 1892, 8, 195. > Ber,, 1867, 1, 104. 
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a carbon complex, the latter is known as a chromogen. The chromogen 
may or may not be coloured, but it constitutes the basis of the 
coloured substance. To convert the chromogen, if colourless, into 
a coloured substance, certain salt-forming groups, especially NH2 
and OH, are necessary, and these are known as auxochromes. Thus, 
benzophenone C^Hg . CO . C^Hs, though colourless, is a chromogen 
by virtue of the presence of the chromophore C=0, but only 
l)eoome8 coloured on the introduction of the auxochrome NH^. 
Aminobenzophenone is yellow and basic. In the same way the nitro 
group is the chromophore of the chromogen, nitrobenzene, and 
nitraniline the colouring matter. 

Azobenzene is a coloured chromogen containing the chromophore 
N : N, whereas hydroxy- and amino-azobenzene are true dyestuffs, the 
one acidic and the other basic. By a true dyestuff is meant a colour- 
ing matter which can be used for dyeing, that is, one that can be 
attached directly or indirectly to the fibre. Whether this attach- 
ment is determined by chemical affinity, as some hold, or is a mani- 
festation of some physical property, such as surface energy, as others 
think, cannot be discussed here. 

Chromophores. Colour appears to depend not only on the presence 
of the chromophoric group, but also on its reduplication in a compact 
form. A single C=C group, being a weak chromophore, produces 
colour, but, when multiplied, a coloured product results. Hydrocarbons 
of the ethylene series, such as diphenyl- and tetraphenyl-ethylene, 
are colourless, but diphenylhexatriene 

CgH^. CH : CH . CH : CH . CH : CH . CgHg 

is yellow. King structure, with its compact arrangement of double 
linkages, appears to promote absorption in the visible spectrum and 
produce coloiur. Whereas tetraphenylethylene and diphenyldipheny- 
lene ethylene are colourless, the corresponding bisdiphenylene and 
dinaphthylene diphenylene derivatives are coloured. 

CftHgv •CgHg CleH4v yCeHj 

\c=c< I >c=c< 

CaH / XH5 CcH/ Xh, 

Tetraphenylethylene. Diphenyl diphenylene 

Colourless. ethylene. 

Colourleas. 



^«^4\ y^e^i ^lo^sv y^eH* 

C^H^''^ CeH4 OioHg^ ^6^4 



Bisdiphenylene Dinaphthylene diphenylene ethylene, 

ethylene. Bed-violet. 

Red. 
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The same compact grouping of double linkages is present in the 
interesting series of coloured hydrocarbons, known as fulvenes, which 
were discovered by Thiele.* 



CH=CH CH=CH CH3 



Nc^CHj 



CH=CH CH=CH CsHj 

Fulvi>ne. Methylphenyl fulrene. 

Yellow liquid. Orange liquid. 

CH=CH 

\C=C(C,H5)3 
CH=CH 

Diphenyl fulvene. 
Dark red prisms. 

By analogy it might be expected that benzene, which is isomeric 
with fulvene and contains the same number of double linkages, would 
be coloured. The absence of visible colour may be accounted for by 
the slight difference of grouping of the double bonds which cause the 
absorption bands to shift within the ultra-violet region of the spectrum 




(see p. 87). It seems very certain that the group ^C= is 

a potent factor in colour production. 

Other examples of coloured substances associated with the group 
C=C are the fulgenic acids and their anhydrides (the fulgides) of 
Stobbe.' The parent substance is unknown, but would probably be 
colourless like the methyl derivative ; the introduction of phenyl 
groups deepens the colour, that is, shifts the absorption towards the 
red, as in the case of the fulvenes : 

(CH 3)30=0 . COOH (CeH5)CH=C . COOH {C^ll^,fi=C . COOH 

I I I 

(CH,)^C=0 . COOH (C6H5)aC=C • COOH {C^Hr^fi^^C . COOH 

Tetramethylfdlgeuio acid. Triphenylfalgenic acid. Teiraphenylfulgenio acid. 
Colourless. Yellow. Orange. 

The colour effect of the chromophore, CO, is not apparent in the 
simple aldehydes and ketones, which are colourless, nor in the com- 
pounds such as acetylacetone CH3 . CO . CHj . CO . CH3 , in which the 
CO groups are separated, but the continguity of two or more of these 
groups produces colour. Whereas acetoneand benzophenone are colour- 
less, diacetyl CH3 . CO . CO . CH^ and benzil CeHg . CO . CO . CeH;^ are 

1 Ber,, 1900, 88, 666, 861, 8895 ; AnnaUnf 1901, 810, 226. 
* Annakn, 1906, 840, 888. 
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yellow, the anhydrous triketone CHj . CO . CO . CO . CH3 is orange, 
and the tetraketone C^Hj . CO . CO . CO . CO . CeH^ is orange-red.* 

King structure in deepening colour is evident in fluorenone, which 
18 red, whilst henzophenone is colourless, and in phenanthraquinone, 
which is orange-red, whereas benzil is yellow. 



C5H5 . CO . CeH5 Cfjl^ — C5H4 

o 

Benzophenone. Fluorenone. 
Colourlesa. Red. 



C.H5 . CO . CO . CjEj 0,H^-C,H4 



BenziL 
Yellow. 



I 

CO CO 

Phenanthraqainone. 
Orange-red. 



In all these cases reduction, replacement of oxygen by chlorine, 
and, in some cases, hydration of the CO group removes the colour. 

The group C : S seems to be a stronger chromophore than C : O, for 
both thiacetophenone and thiobenophenone are blue liquids and 
tetramethyldiaminothiobenzophenone CS[CeH4N(CH3)2]2 is yellow, 
whereas the corresponding ketones are all colourless. 

The large number of azo dyes furnishes countless examples of the 
colour effect due to the presence of the chromophore, N=N, in the 
aromatic series and its effect is also exhibited among aliphatic com- 
pounds in the yellow colour of diazomethane, diazoacetic ester, 
and azodicarboxylic ester,* and in the simpler aromatic azo com- 
pounds, such as azobenzene, which is red, and ethane azobenzene 
C0H5N : N . C2H5 , which is yellow. 



Diazomethane. 



ch/h 

COOCgHg 

Diazoacetic ester. 



N . COOC,H 



»"5 



N.COOCjHs 

Azodicarboxylic ester. 



Bing structure in the case of the azo group seems to diminish the 
intensity of the colour, tolazone being only slightly coloured. 



CH 



CH, 



<z>-<z> 



N N 

Tolazone. 

The blue or gi*een colour effect, characteristic of most nitroso 

' Sacbs and Barsohall, Ber,, 1901, 84, 8047. 

* It is a curious fact that the azo compound derived from iaobutyric ester is 
ooloorless. 
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compounds, is attributed to the chromophore, NO. Its absence in 
certain nitroso derivatives is explained by their bimolecular structure 
and the consequent saturation of their valencies. 

The nitro group occupies a somewhat anomalous position as 
a chromophore. Whilst certain nitro compounds, especially in the 
aromatic series, are yellovir or orange in colour, others, such as the 
nitro-paraffins, are colourless. The group is apparently a weak 
chromophore, and is dependent for its colour effect on its association 
with other groups. Other chromophores, as a rule, reinforce one 
another ; but the reverse is the case with the nitro group (see p. 104). 
Nitrobenzene and nitronaphthalene are pale yellow, but dinitro- and 
trinitro-benzene are colourless. 

The union of chromophores, in deepening the colour, such as an 
unsaturated ring structure presents, has already been indicated. 
Numerous examples of coloured substances containing mixed chromo- 
phores might be cited in illustration. Staudinger's ketenes (Part I, 
p. 129) which contain the group )C=^C=0, are yellow. 

(CHJaCrCO (CeH5),C:C0 

Dimethylketene. Diphenylketene. 

Phorone and chalcone are also coloured.^ 

(CH J,C : CH . CO . CH : qCHJ, CgHg . CH : CH . CO . C^H^ 

Phorone. Chalcone. 

On the other hand, though its solutions in strong acids are coloured^ 
dibenzalaoetone, CeH^ . CH : CH . CO . CH : CH . CflHg , is colourless. • 
Dianisalacetone and similar derivatives are yellow. 

The colour effect of the group HC : N is shown in such sub- 
stances as benzylidene aniline, CeHgCH : NC^Hg , and auramine^ 
HN : C[CeH4N(CH3)2]2 > which are yellow, and certain ring com- 
pounds, such as quinoline yellow, in which the group forms part of 
the ring. 

It appears from the foregoing that certain chromophores, such as 
N : N and NO groups, produce colour independently of the nature of 
their environment, whilst others, such as CO and CH : CH, only act 
in conjunction with other groups. On this account Kauffmann has 
separated them into two classes, called cU^pendent and ind^^etudent 
chromophores. 

Viatild's Quinoid Theory. In 1888 Nietzki "" added the quinone 

1 Haller and v. Kostanecki, Ber,, 1897, SO, 2947. 

2 Stobbe, Annalm, 1909, 370, 93. 

" Organitchs Farbaictffej 188& Springer, Berlin. 
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structure to the list of chromophoric groups. Its introduction has 
marked a great advance in the theory of colour ; for, although it 
cannot be regarded by any means as a complete generalization, it is 
supported by a weight of eyidence which is of the greatest significance 
and may ultimately lead to the solution of at least a part of this 
inTolved problem* It has, moreover, one important attribute which 
most of the other theories lack ; it lends itself readily to experimental 
proof or disproof and is accountable for a valuable extension of our 
knowledge of dyestuffs. 

Bing compounds, like the quinones, in which the 00 group forms 
part of the nucleus, and is consequently closely associated with 
the C : group, are generally coloured. The ortho- and para-benzo- 
quinones are orange and yellow respectively/ and the or- and /3-naph- 
thaquinones are oiange and red. Amphi-naphthaquinone^ 



JLmphi-naphthaqiiiiione. 

in which the CO groups are distributed between the two nuclei, is 
also coloured. 

For the same reason fiichsone* and aurin, which may be regarded 
as quinone derivatives and are related to the triphenylmethane dyes, 
are coloured. 

O 

 A 



A 



Y 

c 

C5H5 OqHs 

Faohsone. 



Y 



II 

c 

HO.CeH^ CjH^.OH 

Aurin. 



I Goloorlefls and labile o-quinonea have been isolated by WilUtiltter {Bmr.. 
1904, 87, 4744), whieh are monomoleoalar like the ooloored compounds ana 
rapidly change into the latter. They may be represented by the superoxide 
fonnula, and therefore contain no ohromophore. 



/\_o 



s Bistrzyeki and Herbst, Ber., 1908, 3d, 2885. 
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Tetiaphenyl'^xylylene, like fulvene, is orange. 

(C»Hj)jC : C«H4 : C(C,H5)(. 

Acridine and phenazine may be regarded as ortli(M[uinoid com- 
pounds and placed in this category, 



N 



CH 

Acridinp. 



N 



N 

Phenaziae. 



whilst the indulines and indones belong to the para-quinoid series. 

N N 



HN= 



0= 



Induline. 




An attempt to extend the quinoid theory by making it the general 
basis of colour in organic compounds, though not entirely successful,^ 
has thrown new light on certain structural anomalies and afforded 
a plausible interpretation of some of them. 

A remarkable £act connected with the quinoid compounds is the 
absence of colour in the simplest quinonimines and their salts. 

HN:C,H4:NH 0:CeH4:NH 

Quinone-diimine. Quinonimine. 

The dimethyl derivative of quinone-dumine is colourless in the solid 
state and pale yellow in solution. Quinone-phenyldiimine is, however, 
red, and the diphenyldiimine is reddish brown.' 

Not only are certain quinoid substances colourless; but, on the 
other hand, there is a long and varied list of coloured substances, 
which are incapable of being represented by a quinoid structure. 
Such, for example, are diacetyl, a and fi nitronapthalene, and nitro- 
dimethylquinol, which are yellow ; the two benzalnitroanilines, 
which are yellow and orange ; acenaphthylene and azobenzene, which 
are red ; and the nitrose compounds, which are blue. Furthermore^ 

' Armstrong, Proc. Chem. Soe., 1892. 8, 101, 148, 189. 
* WlUsUtter, Ber., 1904, 87, 1494, 4605. 
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as Baly has pointed out/ there are many substances (such as the 
uitroanilines, which can be formulated as quinoid compounds, but 
possess an identical absorption spectra with others, such as nitro- 
dimethylaniline) which cannot have that structure. In addition 
to these are the molecular quinhydrone compounds referred to on 
p. 120, and many compounds of ketones with acids. 

A modification of Nietzki's theory has been proposed by K R. 
Watson,' namely, that only those dyes which are quinoid in all 
tautomeric forms exhibit a deep colour, but those which can be 
represented by a single quinoid or non-quinoid formula are paler in 
shade. For example, aminobenzene-azophenol is quinoid in both 
tautomeric forms and has a deep blue colour, 

OcCeH^iN.CeH^NH.^HO.CcHjNiCeH^iNH 

whereas benzene-azophenol has a yellow colour and can only exist in 
the single quinoid form, 

O : CeH^ : N . NH . CeH^ ^ HO . CeH^ . N : N . C^U,. 

In the latter case the stability of the quinoid form will tend to 
deepen the colour. Moreover, it appears that dyes with long con- 
jugate chains of alternate quinoid linkages, so disposed that isomerisa- 
tion may occur between quinoid forms, are generally more deeply 
coloured. Although a considerable amount of valuable experimental 
evidence is adduced by Watson in support of this view, it is naturally 
subject to the same criticism as the simpler quinoid theory of Nietzki, 
in that it fails to afford a general explanation of the cause of colour 
in organic substances. 

Colovr ftad Conilgiiration. That slight differences in configu- 
ration may have a marked effect on colour is proved in the case 
of certain stereoisomers, such as the two dibenzoyi ethylenes, 
CeH^ . CO . GH : CH . CO . GeHg , and the two benzaldesoxy-benzoins, 
CgHgCO. CiCflHg): CH . CflHg, one of each pair being colourless and 
the other yellow, and the two diazobenzene sulphonates, which are 
yellow and orange respectively. 

Tke Anxooliromes. It has already been stated that the chromo- 
phore may or may not produce colour, which in the latter case 
appears on the introduction of the auxochrome. Substances contain- 
ing a chromophore, in which colour is manifested by the introduction 
of an auxochrome, are called chromogens. The effect of the auxo- 

' Joum. Soc Chem. Ind,, 1915, 84, 898. 
* Trans. Chem, Soc.j 1914, 105, 759. 

PT. II H 
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chrome is not only to produce colour in a colourless chromogen, but 
to intensify it if coloured. Benzalacetone is colourless, but thej^di- 
methylamino derivative is orange-yellow, and both amino derivatives 
of anthraquinone and phenanthraquinone are more deeply coloured 
than the unsubstituted compound& Similarly the nitranilines are 
more deeply coloured than nitrobenzene. Of the two chief auxo- 
chromes, OH and NH2 , the latter appears to be the stronger, as may 
be seen on comparing |7-nitrophenol with p-nitraniline. The former 
is colourless and the latter deep yellow. As a rule, however, the 
difference in the colour effect produced in analogously constituted 
compounds is only slight Picric acid and trinitraniline are dark 
yellow, amino- and hydroxy- azobenzene are yellow, alizarin and 
triaminoanthraquinone are red or violet^ rosaniline and rosolic acid 
red, &c. It may be pointed out that both groups possess residual 
affinity and are therefore highly reactive, like the chromophores. It 
has been suggested that the residual affinities of the two kinds of groups^ 
auxochromes and chromophores, may interact in some way so as to 
produce a banded spectrum when light energy is absorbed (see p. 128). 

The replacement of hydrogen in NHj by alkyl and aryl radicals 
strengthens the auxochrome (deepens the colour) and with increasing 
molecular weight of the radical the absorption is shifted towards the 
red. 

The auxochrome character of hydroxyl may be illustrated by 
numerous examples. Colourless dibenzalacetophenone gives a yellow 
ortho-hydroxy derivative, yellow anthraquinone yields an orange-red 
para-hydroxy compound and a red dihydroxy compound (alizarin), 
and orange phenanthraquinone a violet trihydroxy derivative. By 
replacing the hydrogen of the hydroxyl group by alkyl groups the 
auxochrome may be affected either way, in some cases the depth of 
colour being increased, in others diminished. 

Ortho-nitrophenol, which is deep yellow, gives a pale yellow 
methyl ether ; but the pale yellow nitroquinol gives a deep yellow 
methyl ether. 

The relative position of auxochrome and chromophore might be 
expected to manifest itself clearly in its effect on colour ; but this is 
so far from being the case that the vicinity of auxochrome and 
chromophore as frequently destroys as it intensifies the colour. 
Kauffmann ^ concludes that, as a rule, the auxochrome deepens the 
colour when it is attached indirectly to the chromophore by an aromatic 
nucleus, which can function as a chromophore. The subject is 
further considered under the auxochrome theory (p. 123). 
^ Forbe und KonatUuHon, by Dr. H. Kauffmann, Ahrens' Vortrag; IdOi, 9, 277. 
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This relation of auxochrome to chromophore is illustrated by 
pararosaniline hydrochloride, in which a quinoid group is attached by 
benzene nuclei to two auxochromes and which has a deep magenta 

^^'^'''- NH.Ha 




NHa NHg 

Pararoaaniline hydrochloride. 

An interesting point in this connection is the effect of position of 
the NH2 groups on the colour tint, which changes from para to ortho, 
the former being violet and the latter blue-green. 

Now the auxochrome introduces an acidic or basic character into 
the compound, which can consequently function as an acid or base 
and form salts. Salt formation is a process of the greatest interest 
from the point of view of colour ; for it may afifect it either by 
intensifying or destroying it. 

Para-nitrophenol is colourless, but its sodium salt is deep yellow 
or orange. Ortho-aminobenzophenone and the nitranilines are 
deep yellow or orange, and their salts are colourless. The same 
result is produced by acetylation of the amino group. Acetyl 
derivatives of the above compounds are colourless. The forma- 
tion of quaternary compounds is also attended by loss of colour. 
Meta-nitrodimethylaniline, which is deep yellow, becomes colourless 
when combined with an alkyl bromide. As no structural change 
is possible in many of these compounds, it must be inferred that 
salt formation alone is responsible for removing the auxochromic 
character of the amino group. But in other cases where salt 
formation affects the chromophore rather than the auxochrome the 
reverse is the case. Acridine is colourless, but its salts are yellow ; 
phenazine is yellow and its salts are red. Aminoazobenzene, which 
is orange, forms salts which dissolve with a red colour. Many 
oolourless substances, such as dibenzalacetone and certain aromatic 
hydrocarbons, dissolve with a bright colour in strong mineral acids. 
The latter belong,, however, to a different category and cannot 

n 2 
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be regarded as salts in the ordinary sense. They will be referred to 
again (p. 118). 

It must be remembered that, in dealing with salt formation in the 
case of an unsaturated compound, isomeric change may occur and the 
salt may possess a structure very different from that of the original 
compound. An example of this kind is ^-arainoazobenzene, referred 
to above, which is orange in the free state, but forms a hydrochloride 
crystallising in steel-blue needles and dissolving in water with 
a bright red colour. P-|9-diaminoazobenzene behaves in the same 
way. Thi^ is not a normal case of salt formation, seeing that the 
meta compound is dark orange and its salts bright yellow in colour. 
The explanation is that the meta compound, unlike the ortho and 
para compounds, cannot undergo isomeric change to the quinoid form, 
and therefore yields normal salts of a similar colour. 

The relation of p-aminoazobenzene to its hydrochloride is represented 
as follows : 



r.H.N=Nr ^NHo 1^ aH.NH.N==<: >=NH.HC1 



JJJ.5A1 — j.^^ yxiAA2 < — ^6^5 




Normal form of free compound. Quinoid form of hydrochloride. 

A difficulty is met with in the fact that, whilst the substance 
dissolves in dilute acid with a red colour, its solution in strong 
sulphuric acid is brown. According to Kauffmann the red solution 
represents the quinoid form, the brown the reversal to the azo com- 
pound, and this view is supported by observations of Auwers.^ The 
change of colourless base to salt in the triphenylmethane dyes, to be 
presently referred to, is regarded as an illustration of the same kind of 
isomeric change from the saturated carbinol to the quinoid form (p. 77). 

NH.HCl 
NH2 



/\ 




\/ 



C.OH C 

/\ /\ 

NHaCeH^ CeH^NH^ NHAH* CeH^NHa 

Pararosaniline base. Pararosanlline hydrochloride. 

Colourless. Red. 

The formation of orange and red salts from colourless or pale 
yellow nitrophenols has been ascribed in the same way to isomeric 
change. Armstrong ' was the first to suggest a quinoid structure for 

1 hvT,^ IVOO, 33, 1^14. s iVoc. (Mm. Hoc, 15^2, tt, iO»» 
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the yellow o-nitrophenol in order to explain the difference between it 

and the colourless para compound. 

NO. OH 

NO, II 



OH 

p-Nitrophenol. o-Nitrophpnol. 

When alkali is added to |}-nitrophenol it yields a salt of a deep 
yellow colour and the change is therefore ascribed to a change to the 
p-quinoidform: ^^ ^^^ 




»w» 



Sodium p-nltropljennte, 

Kauffmann has objected to this view on the ground that all three 
isomers behave similarly with alkali, including the m-nitrophenol 
which cannot give a quinoid form, and to the fact that the dihydroxy 
nitro compounds show an increased depth of colour when a second 
molecule of alkali is added, although only one nitro group is present. 
In the case of nitroresorcinol, however, the second molecule of alkali 
removes the colour of the mono sodium compound. 

Seeing that most of the artificial dyes belong to the aromatic series, 
it might appear that an increase in the number of benzene nuclei or 
molecular weight on the one hand and of auxochromes on the other, 
would lead to a deepening of the colour, that is, a colour change from 
yellow to blue. 

Many attempts have been made in this direction with the object 
of discovering some general law ; but so far without any great 
success. 

In the following series increasing molecular weight leads to 
a deepening of the colour: 



CcHjNiN.CeH^CONa) 
Orange. 

(4) (1) (1) (2) 

NaS03CoH4N iNCioHeOH 

Orange. 



CeH^N : N . C,oH6(ONa) 

Red. 



(4) 



(1) (1) 



(2) 



NaSO.CmH^N : NCnHnOH 



'3^10" 6 



10-^*6' 



Red, 
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(4) (1) (1) (2) (fi) 

NaSOaCell^N : N . C^H^ . N : N . CioH,(OH) . SOaNa 

Scarlet. 

(4) (1) (i) (I) (1) (2) (6) 

NaSOaCgH^N : N , CioH^N : N . CjoH^COH) . SOgNa 

Violet. 

^(CeH,NH,)2 /CeH,N(CH3),]2 ^CeH.NHCeH,), 

"^CejH^ : NH.Cl VleH^ : N(CH3)2Cl "^CeH^ : NHCgH^Cl 

Magenta. Violet Blue. 

That molecular complexity is alone not sufficient to deepen colour 
is seen from the dye known as alizarin yellow. 

^(CeH.N : N . CeH^COH) . COOH)^ 
OH.Cf 

XI^HeN : N . CeHaCOH) . COOH 

Alizarin yellow. 

Again, the nature of the auxochrome has a marked effect. The 
following two substances have practically the same molecular 
weight, the same aromatic nuclei, and the same position of the 
auxochrome groups, yet possess very different shades of colour. 

CH3 . C^Ha . N : N . CioH^CNH^) SOsNa 



CH3 . C6H3 . N : N . CioH5(NHa) SO^Na 

Red. 

CH3 . CeHg . N : N . CioH5(OH) SOgNa 

- I 
CH3 . CeHg . N : N . doH^COH) SOgNa 

Violet. 

The number as well as the position of the auxochromes is also 
a matter of great importance. Anthraquinone is yellow, the mono- 
hydroxy-compound is deep orange, but of the ten possible dihydroxy- 
anthraquinones only alizarin is a red dye. 

CO OH 
/^/V\0H 
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By increasing the number of hydroxyl groups the colour is 
deepened. The polyhydroxy-anthraquinones give the following 
colours when dyed with a chromium mordant : 



CO OH 



OH 



CO OH 

Ked-brown. 



OH CO OH 



OH CO OH 




OH 



OH •CO 

Violet blue. 



OH CO OH 

Blue. 



whereas the two following, containing respectively 3 and 6 hydroxyl 
groups, but differently attached from the foregoing, give brown 
shades: 

CO OH CO OH 

j/yVY^ oh/\./\/\oh 

CO OH CO 



OH 



It therefore follows that both the number and position of the auxo- 
chromes is of importance in determining the shade of colour ; no 
rule has yet been formulated which will with certainty foretell the 
character or colour of a dye from the structure of the compound. 



Thaory of Chzomoisomerini. In opposition to Eauffmann, and 
following Armstrong's suggestion, Hantzsch ' has advanced what is 
known as the theory of chromoisomerism. It owes its origin to the 
discovery of coloured, in addition to the well-known, colourless nitro- 
phenol ethers. 

In 1906 Hantzsch and Gorke found that red coloured nitrophenol 

ethers could be obtained by the action of alkyl iodides on the silver 

salts of the phenols. Colourless and coloured ethers of o- and p* 

nitrophenol, 2 . 4 dinitrophenol, picric acid and trinitrophenylmalonic 

ester were prepared, and the two series of compounds were represented 

thus: 

NO . OCH3 



MKJHa 

True nitro ether. 
Colourless. 



Ar 



^ 



Ar » Aromatic nucleus. 



O 



Aoi^nitro ether. 
Coloured. 



> Ber., 1006, 30, 1073. 
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The first was called a true nitro ether and the second, coloured 
modification, was termed an oci-nitro ether, corresponding to the 
pseudo acid and acid forms of phenylnitromethane (p. 824). 

Now, according to Witt's theory, the chromophore NOj is alone 
too weak to produce colour until reinforced by the auxochrome OH, 
the chromogenic character of which is intensified by conversion into 
the salt. By multiplying nitro groups the colour should be intensified, 
but, as already mentioned, this is not always the case. Hantzsch 
takes the view that all true nitro phenols and their derivatives are 
colourless ^ and that it is only by conversion into the aci form that 
colour is manifested. This was embodied in the following general 
rule : ' every appearance of colour or change of colour in salt forma- 
tion with a colourless metallic atom is due to isomeric change.' 
Dinitroethane is colourless, but the sodium salt is deep yellow, and the 
change is denoted thus : 

CH3CH(N04)2 CHaC(NOJNO . ONa 

Hercuiy nitroform exists in a colourless and yellow variety. The 
first will represent the true nitro compound, and the second the 
aci form. 

hg . C(N02)3 hgO.ON . C(NO^a hg - ^ 

Colourless. Yellow. 

Another example is m-nitrophenylnitromethane, which exists in 
the form of a colourless and yellow isomer. Although nitromethane 
and ethylnitrolic acid, as well as their sodium salts, are colourless, 
the latter have a different ultra-violet absorption from the former 
and reveal in this way a difference of structure. 

This kind of isomerism which shows itself in change of colour is 
termed chromoisomerism^ and the process of isomeric change chromo- 
trqpism. 

But the attempt to extend the theory by further experimental 
observation has only rendered the issues more complex and the 
explanations more involved. A comparison between the yellow 
o-nitrophenol and its ether shows that the latter is much the more 
deeply coloured. Hantzsch has therefore suggested that the free 
nitrophenol is not a pure aci compound, but a solid solution or 

* A notable exception is nitroqninol methyl ether, NOaCgH,;,OCH,),, which is 
yellow. It is colourless in a solution of ligroin, but dissolves in other solvents 
with a yellow colour, the depth of which is found to increase with the moleculur 
weiglit of the solvent. 
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mixed crystal of both nitre and aci forms. Such an equilibrium 
mixture is called a merochrome compound. The view is supported by 
the observation that the orange sodium salt of tribromo tn-dinitro- 
phenol can be separated by anhydrous solvents into a yellow and red 
variety, each of which in aqueous solution reverts more or less 
rapidly to the same orange- coloured mixture. A yellow and red 
thallium picrate and several such pairs of salts are known. 

We are thus confronted with the existence of two salts, a yellow 
and a red, in addition to the colourless, free nitro compound. How 
are they all to be formulated ? 

A further complication is presented by the salts of the mononitro- 
paraffins, which are colourless, whilst those of the dinitro compounds 
are coloured, like the salts of the nitrophenols. The colour is not 
due to the additional electronegative nitro group, for its replacement 
by a different electronegative group is without effect, the sodium 
salts, for example, of phenylcyanonitromethane and bromonitro- 
methane being colourless.^ 

^NO . ONa 

Phenylcyanonitromethane 
Bodium salt. 

Hantzsch concludes that the second nitro group plays a part in the 
production of colour by virtue of the linking of the subsidiary 
valency or residual affinity of the metal with that of the nitro group. 
It is, in short, an adaptation of Werner's theory of valency isomerism. 
Though its exact significance in colour production id not easily 
defined, it can be represented in the following way (Part I, p. 92) : 

yNOg 

R.C<; Me = Metal. 

^NO . OMe 

in which the dotted line represents the subsidiary valency linkage. 

Hantzsch's theory of valency isomerism applied to the nitro 
compounds receives an interesting confirmation from certain recent 
observations on the absorption spectra of a number of aliphatic 
nitro compounds ; * he concludes that the nitro group may appear in 
three forms, each of which possesses its own characteristic absorption. 
These three forms are described as a true nitro ffroupj which shows 
£aint absorption and a shallow band at about 3413 ; secondly a 
simple aci-nitro group )C : NOOH, present in the salts of mononitro- 

» Hedley, Ber., 1908, 41, 1106. ^Btr,, 1»12, 45, 85. 
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paraflBos and exhibiting general absorption of about the same intensity 
as the first ; and thirdly an aci-nitro group associated with a negative 

radical, which is termed a canjuguted aci-nitro group R. C ^ 

^NOOH 

in which X stands for a strongly negative radical (NOg, NOH, 
CO . COOH, Cells . CN, &c.). It is characterised by strong selec- 
tive absorption. The effect of the negative radical, which alone 
does not influence the absorption, is explained by chemical com- 
bination in which the residual affinity of the metal, hydrogen, or 
ester radical, as the case may be, of the aci-group enters into union 
with the unsaturated negative group, forming a closed chain. 

R.CC XNa.H.CHa) 

^NO.O/ 

With the negative groups, NO,, CO . R, CN, the molecular structure 
will take the following forms : 

O R 

N=0., /C=Ov /C=N\ 

R.CC >Na R.C< >H R.C< >CH3 

Xn_o^ ^N— 0/ \N— 0^ 



Aoi-dinitro compound. Aci-nitro ketone. Cyan-aci-nitro compound. 

This selective absorption is so strong that it is neither affected by 
additional chromophores nor by ionisation of the free acid or its 
salts. 

From the optical properties it appears that nitro ketones can only 
exist in the aci-conjugated form, and therefore chromoisomeric com- 
pounds, such as the colourless and yellow salts of nitrobarboluric 
acid and j>-nitrophenol and its derivatives, are represented by the 
following keto and enol forms : 

— C=0 Me — C— O — Me 

II II i 

^C-=NO- — C— N0=0 

Aci-nitro ketone. Nitro-enol. 

and both forms may exist in solution in equilibrium. Equilibrium 
may also occur (especially in the case of aliphatic nitro-derivatives) 
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between the true nitro- and the aci-conjugated form of the nitro- 
ketones. 

/CO /C=0. 

B.CH ^ E.C4 >H 

A9|^nitrophenol is optically identical with the yellow stable esters, 
whereas the salts and red-coloured labile esters absorb much more 
strongly, a further modification in the formula is found necessary to 
distinguish them. 

CeH^/ >H(CH3) C,kZ )Me(Gn,) 

l>-Nitrophenol and stable esters. p-Nitrophenates and labile esters. 

Ghromoisomerism has also been observed in the case of unsym- 
metrical metallic compounds of 1-3 diketones of the general type 
B . CO . GH2 . CO . R^, which are formulated as valency isomers.^ 

R . C=CH— CR' R . C— CH=CR' 

I II II I 

O— Me O Me — O 

Still more complex are the coloured salts of the oximino ketones 
containing the group CO . C : NOH, which have been studied by 
Hantzsch' and his collaborators. Violuric acid and its dimethyl 
and diphenyl derivatives, together with some of their esters, are 
colourless or faintly coloured, but yield brightly-coloured salts. 



HN CO 
0C<^ NC:N0H 
HN CO 

Yiolnric acid. 


CH,N CO 

OC/ \C:NOH 

CH3N CO 

Dimethyl violuric 
acid. 


CgHgN CO 

OC/ ^C : NOH 

C,H«M CO 

Diphenyl yiolurio 
acid. 



Not only do different metals and organic bases produce differently 
coloured salts, but the same metal yields differently coloured salts 
and solutions according to the solvent employed. The phenomenon 



» Ber., 1915, 48, 785, 797. 

s Ber,, 1899, 82, 8101 ; 1910, 43, 82. 
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of one salt existing in differently coloured varieties is termed by 
Hantzsch patUochromism.^ Potassium, rubidium, and caesium di- 
phenyl violurate can each exist in blue and red modifications, and 
lithium diphenyl violurate gives both red and yellow salts. The 
results have been summarized as follows : all the salt solutions con- 
tain monomolecular isomers ; the colour of the salt changes from 
yellow to orange, red, violet, and blue with increasing positivity of 
the metal and also with increasing residual affinity of the solvent ; 
the absorption curve of the yellow salt solutions are most closely 
velated to that of the free oximino ketone, whilst that of the blue salt 
solutions resembles the aliphatic nitroso compounds. Assuming that 
the pure oximino and nitroso compounds are represented by the 
formulae, 

=C:0 -C.OII 

1 II 

—C.NOH — C.NO 

Yellow. Blue. 

the yellow and blue salts are denoted as inner complexes derived 
from these two formulae in which residual valencies are brought 
into play, whilst the intermediate orange and violet salts are re- 
garded as mixtures. 

\:i^0 \c^ \le \c^ \Me "^C^ 



/C=NOH /C^^/0 /C^^^O /C^^^ 

Colourle^ Yellow. Red. True nitroso compound 

oximino ketone. Blue. 



Similar observations have been made with oximino-oxazolone and 
oximino-phenyltriazolone and its derivatives, each of which forms 
a series of coloured salts. 



^^ C:NOH ^ ^ 



O ^^ CO C:NOH 

Oximino-ozAzolone. Oximino-phenyltriazolone. 



1 Ber,, 1909, 42, 966 ; 1910, 43, 45, 68, 82. 
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Among other groups of compounds which exist in coloured modifi- 
cations and form differently coloured salts are the following : 

Hydroxyazobenzene, CeH5N2CeH4 . OH, and its derivates are 
usually yellow and orange and the alkali and silver salts orange and 
red. Several of the silver salts also exist in both yellow and red 
modifications. The nitrobenzene-azophenols show similar changes 
of colour between the free compound and its salts. 

Dihydroxyazobenzene (azophenol) exists in two modifications, each 
forming a series of yellow, red, and green salts. Many aminoazo 
compounds are known to form two series of diiferently coloured 
salts.^ The orange salts, which resemble azobenzene (also azoben- 
zene trimethyl ammonium salts, which cannot undergo isomeric 
change) in colour as well as in their absorption spectra, were formerly 
represented by the azo formula, 

CeHfiNiNCeH^NRa.HX 

whilst the red salts were regarded as having the quinoid structure, 

CeH^NH . N : C^H^ : NR^X 

Hantzsch ' has since shown that both the yellow and red modifica- 
tion have the characteristic quinoid absorption band similar to that 
of rosaniline and that it is not modified in aqueous solutions of the 
salts. The yellow modification, moreover, exists not only in aqueous 
solution in presence of hydroxyl ions, but in neutral alcohol and 
acetone solutions, whereas the red modification depends on the 
presence of hydrogen ions. There is a third graphite-like salt of 
both aminoazobenzenes and helianthines, which, however, only exists 
in the solid form, and changes to the red or yellow modification in 
solution. 

The following are the formulae proposed by Hantzach for these 
various chromoisomeric compounds : 

CgH^ . NH . N=CeH4 : NR CeH, . NH . N=CflH4T7T;NR 

t ^ I I 

SO3 R SO3 ' 

Yellow helianthine. Bed helianthlne. 

CeH^ . NH . N=C H4 : NR CgH^ . NH . N=CeH4^.. NR-, 



SO^Na ' R SO^Na 

Yellow sodium salt. Red sodium salt. 



^ Haatzsch and HiIf>Gher, Ber,, 1908, 41, 1171. 
s BtT.t 1918, 46, 1537 ; 1915, 48, 174. 
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CgHjN . N : CH^NB CgHjN . N : CeH^^NE, 

t I 

• I 

ft ' 



Yellow aminoazobeiizene. Rod amiauazobenzene (unknown). 



X 

Bed aminoazobenzene (acid salt). 



In addition to the above is a fourth yellow quaternary alkyl halide 
of dimethylaminoazobenzene which, from its optical similarity to 
azobenzene, must be regarded as a true ^ azoid ' compound, and is 
therefore represented thus : 

CoH,N:N.CcH,N(CH3)3X 

The red and blue solutions of congo red, like the above, do not, as was 
formerly supposed, depend on the presence of hydrozyl or hydrogen 
ions, but rather upon the solvent, for the free acid and alkali salts are 
optically identical, although in the case of congo red, the blue and 
red solutions do not give identical absorption spectra. 

Hantzsch points out incidentally the untrustworthiness of colour 
as indicative of structure ; for dimethyl o-toluidine-azo-benzene and 
its sulphonic acid, which so closely resemble the alkyl aminoazoben- 
zones and helianthines, and, like them, gives yellow and red solutions^ 
possesses, nevertheless, an ^ azoid ' absorption spectrum. 

The same colour relationships were observed in the helianthines 
(aminoazobenzene sulphonic acid series and their sodium salts), such 
as methyl orange, which exists in red and yellow modifications. 

Hexanitrodiphenylamine also yields both an orange and violet 
methyl ether. 

Hantzsch^ has also obtained chromoisomers in the pyridine, 
quinoline, and acridine series. Phenylacridinium hydrogen sulphate 
exists in a yellow, red, and green, and the sulphite in four, yellow, 
red, green, and brown, modifications. The various modifications 
give identical solutions, but the colour of the solution depends upon 
the solvent, and in the case of the sulphite may vary from red in 
ethyl alcohol to green in acetylene tetrachloride. 



1 £0r., 1910, 44, 1788. 
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The modifications are represented as valency isomers having the 
following formula : 

R X R R 

\/ I 

C 

\ y^ti^* CoH4<^j "^CflH^ C^iH4<(' ^CcH4 

N N N 

i I I 

RX R RX 



c,h/ 



An interesting example of chromoisomerism is that of fluorene- 
ketone, which exists according to Stobbe ^ in a yellow and red 




modification both in solution and in the fused state, the latter being 
converted into the former by means of strong , sulphuric acid. 
Although the absorption spectra of the two are similar, both structural 
and stereo-isomerism seem excluded, and the difference has been 
attributed to some different disposition of the residual valencies of 
the oxygen atom. 

A further complication is introduced by the observation that 
different structural modifications may possess the same colour and 
give identical absorption bands in solution, a phenomenon which 
has been termed homochromaisomeriam* It is found to exist in certain 
nitranilines, in the coloured syn- and anti-benzaldoximes, chlorotolu- 
quinone-oximes, and other stereoisomers. 

A good example is furnished by 2 . 4 dinitrophenyltolylamine ; for 
it gives, according to the solvent and temperature, two yellow and 



NOa CH^ 



NOa 



Dinitrophenyltolylamine. 



two orange salts, all of which are unimolecular in solution. The 



> Ber.y 1911, 44, U81. 

 Hantzsch, JBer., 1910, 43, 1910 ; 1911, 44, 2001. 
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two yellow salfcs, though different crystallographicallyy are optically 
identical in solution.^ 

In explaining the great variety of coloured substances derived 
from the same compound, it seems unnecessary to have recourse 
in all cases to isomerism. The existence of solid, crystalline modifi- 
cations of different colours which give identical solutions is almost 
certainly due in some cases to polymorphism, which crystallographic 
examination should reveal.^ In other cases the effect of one sub- 
stance dissolving in different solvents with different colours may, as 
Hantzsch himself has suggested, be accounted for by the formation of 
a solvate or union of solvent and solute. 

Absorption Spectra and Colonr. Before discussing other theories 
of colour, we will consider briefly the structure of coloured sub- 
stances in the light of their absorption spectra. The value of the 
method for determining constitution has already been referred to 
(p. 75), and its direct connection with the phenomenon of colour 
renders it peculiarly applicable to the study of the relationship of 
coloiur to structure. 

The fact, observed by Baly, Edwards, and Stewart,' that ^-nitro- 
phenol and p-nitroanisole show similar absoi*ption curves in the 
ultra-violet, but that the addition of alkali to the nitrophenol solu- 
tion entirely alters its character by shifting the bands to the red, 
was first considered as supporting Hantzsch's quinoid formula. But 
a similar shifting to the red, observed on the addition of alkali to 
phenol, and the appearance of bands of nitro compounds at quite 
different concentrations from those of quinones (but very similar to 
those of nitrodimethylaniline, &c., which cannot possess a quinoid 
form) furnished strong arguments against a quinoid structure. It 
seems more probable that the NOj group produces its colour effect 
like the NHg and OH groups by causing displacement towards the 
visible spectrum, an effect which is augmented by conversion of the 
phenol into its salt.^ 

The same result has been arrived at in regard to the nitrobenzene 
azophenols and their salts, which have very similar spectra and, 
moreover, resemble the spectra of m- and p-nitrobenzeneazodimethyl- 
aniline, which cannot give a quinoid form. Chemical evidence, on 
the other hand, is in favour of the quinoid structure, for the re- 

1 Hantzsch, B<n^., 1910, 43, 1651, 1662. 

« Bnlmann, Ber.y 1911, 64, 827 ; Pfeiffer, Ber., 1916, 48, 1777. 

> Trana, Chein. Soc, 1906, 88, 514. 

* Baly, Tuck, and Mar»den, Trans. Chm. Soc., 1910, 97, 571. 
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actions of the nitrophenols are distiiict in oeitain respects from those 
of phenols,^ whilst Hantzsch, as we hsye seen (p. 105X i^gsurds 
IMiitrophenol as s conjugated oci-nitro compound. 

Saztlsgr's Thaocy of Odloiir. It has abneady been stated' that 
benzene exhibits s series of narrow Absorption bands in the ultra- 
yiolet, and th^t these bands become displaced towards the visible 
r^on by the introduction of certain groups. The displacement is 
effected by substituents such as Witt's auxochromes, OH and NH,, 
and certain other groups, or by condensing two or more benzene 
rings. Hartley ' has advanced the theory that the fusion of benzene 
nndei, as well as the introduction of certain groups, causes a retarda- 
tion in the period of molecular vibration or damping down of their 
oscillation ; in other wordfl^ a shifting of the absorption bands 
towards the red. 

He regards a chromogen as an * invisibly ' coloured substance and 
a chromophore as an atom or group capable of reducing the rate of 
molecular vibration so as to absorb rays within the region of visibility. 
The effect of linking together two or more benzene nuclei by carbon 
atoms does not necessarily produce visible colour, but reduces the 
rate of vibration. Thus, triphenylmethane, though colourless or 
pale yellow when fused, produces a broad band of the same general 
character as benzene, but of greater intensity and much nearer the 
margin of the visible spectrum. It is therefore a chromogen. A 
comparison of the absorption spectra of triphenylmethane with 
a number of typical triphenylmethane dyes shows that they differ 
mainly in the position of the bands but neither in the character nor 
intensity of absorption. Para nitrophenol, though apparently colour- 
less, absorbs faintly in the violet and possesses a green tint Its 
conversion into the sodium salt causes a shift in the absorption 
curve towards the visible region. There is no indication of change 
of structure. The relation of azobenzene to its derivatives, the azo- 
colours, is of the same Idnd. There is a change in position of the 
bands in each case, but not in the character of the absorption. An 
interesting observation derived from the examination of these sub- 
stances was the predominating influence exhibited by the chromo- 
phore N=N in comparison with the small relative effect of the 
benzenoid radical 

1 Hewitt, Tran$. Chem. Soc, 1912, 101, 1770. 

' TranB. Oiem. 5oc, 1887, 61, 152. 

' KAyaei^B Hcmdbuch der SptctmsoopU^ vol. iii, p. 170. S. Hirzel, Leipzig. 
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Hartley concludes, therefore, that colour is not necessarily accom- 
panied by change of structure, nor by the presence of a quinoid 
nucleus. 

Form&nek/ who has made a very complete investigation of the 
relation of structure to absorption of a large number of dye stufife, 
has formulated a series of rules which niay be embodied in the 
following general summary: colouring matters which have an 
analogous structure possess similar absorption spectra, and the same 
is true of those which have the same chromogen and the same 
number of auxochromes, CeH4NR2 or C«H40H groups. The absorp- 
tion curve is different if the chromophore is different or if, with the 
same chromophore, the number of C0H4NR2 groups varies, or if the 
position of the auxochrome varies in its relation to the fundamental 
element ; finally, the absorption curve is modified by the substitution 
of hydrogen by alkylphenyl or phenyl groups in the amino group. 

The Stmotnre of the Triplienyliiiethaae Dyes (Chemioal 
Evidence). When the synthesis of pararosaniline by E. and O. Fischer 
in 1878 established the nature of the dye as a derivative of triphenyl- 
methane, the relation of leucobase, colour base, and dye (hydrochloride) 
were very simply interpreted by the following formulae : 

yCgH4NH2 yC^H4NH2 yCf^H^'S'H.i 

HC ^C«H4NH2 . HO . C^CeH4NH2 C ^CeH4NH2 
\CflH4NHa \CeH4NHa \CeH4NH2Cl 



Leucobase. Colour base. Dye-staff. 

C!olourle88. Colourless. Magenta. 

In other words, one of the basic radicals in the hydrochloride was 
built upon Graebe's superoxide formula for quinone. 

0-/~V-0 C— / \— N 



This view was afterwards modified by Nietzki in 1888 by substi- 
tuting Fittig's quinone formula and thus, by introducing what 
is known as the <j[uinoid structure, this colouring matter and its 
congeners were brought into line with Witt's theory. 





V ^— ^. (HjN . CeH4)2C=<^ ^=NH . HCl 

The mechanism of the change whereby the colour base is converted 
into the hydrochloride and vice versa was explained later by 

1 Zmt Farhm-und Texta-Chemie, 1908, 8, 7. 
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Hantzseh. Aoeording to Hantzsch the isomeric choDge of true base to 
pseudo base and tbe reverse process is brought about by the wandering 
of a hydroxyl between the quinoid carbon and nitrogen (see p. 847). 
The addition of alkali to the coloured salt first produces a labile and 
coloured ammonium base, which rapidly passes by a process of 
tautomeric change into the colourless and saturated carbinol base. 
The process can be reyersed, and a colourless salt of the leucobase can 
be obtained under certain conditions, followed by a change to the 
coloured salt constituting the colouring matter.^ 

The change of colour and conductivity run parallel, indicating 
thereby a change of structure (for the true base is like ammonia, 
whereas the pseudo base corresponds to an alcohol *). The following 
represents the process of transformation of colour base to salt in the 
case of crystal violet. 

N(CH3)20H 

^m^2 II 



>-c>- 



NH.HCl 



\=NH,OH 



>NH. 



C(OH) 

/\ 
(CH3)jNC6H, C,H,N(CH3), 

Colourless pseudo base 
of crystal violet. 



V 

c 



(CH3),NCgH, CoH,N(CH3), 

Coloured true base 
of crystal violet 

N(CH3)jCl 

A 



v 



c 

(CH3),NC,H4 OgH^NCCHj), 

Coloured salt of crystal violet. 

Thus, the colour of the hydrochloride is readily accounted for on the 
chromophore theory. If more hydrochloric acid is added, the colour 
changes again owing to the union of the acid with the amino groups 
> B^r,, 1900, 88, 278, 752. > MQller, Ber^ 1910, 48, 2609. 

I 2 
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of the other benzene nuclei and the removal of the influence of the 
auxochrome. 

Another theory which was advanced by Rosenstiehl in 1880 
explained the formation of the hydrochloride from the carbinol 
as follows : 

HO . C(CeH4NH2)3 + HCl = CiqC6H4NH2)3 + H^O 

Here the hydroxyl is ' simply replaced by the halogen and no 
chromophore is present. This view of the structure is supported by 
the fact thaty assuming no intramolecular rearrangement occurs in 
the process, pararosaniline can be prepared with carbon tetra- 
chloride; but, on the other hand, the existence of a colourless 
pararosaniline cyanide is difficult to explain, if the structure is 
the same as that of the chloride. 

Rosenstiehl's theory was long discarded, until the discovery of 
triphenylmethyl by Gomberg in 1900 introduced new features into 
the problem. 

The constitution of triphenylmethyl and its existence in solution in 
a coloured form has already been referred to (Part I, p. 60). Shortly after 
its discovery Norris and Sanders^ found that the colourless triphenyl- 
methyl chloride and carbinol dissolve in strong sulphuric acid with 
a yellow colour. On dilution, the yellow colour disappears and the 
colourless carbinol is precipitated. If the sulphate and chloride are 
similarly constituted as salts of triphenylmethyl they will have the 
following structure, in which no chromophore is present : 

CiC6H,)3Cl CCCeH^^O . SO3H 

In addition to the colourless compound a yellow chloride can be 
obtained in acetic acid solution by adding strong hydrochloric acid, 
which, like the sulphuric acid solution, loses its colour on the addition 
of water. The colourless chloride also dissolves in liquid sulphur 
dioxide with a bright yellow colour. Triphenylmethyl also forms 
a coloured perchlorate (CeH5)3C . CIO4 , which has been isolated, and 
a series of coloured double salts with AICI3 and SnCl^ . It thus 
appears that the salts of triphenylmethyl form two series, which 
Kehrmann and Wenzel explain by giving to the coloured variety 
a half-quinoid or quinole formula, 

{Cf;a^)iC==^(~^y/ (X - acid radical) 

and to the colourless compounds the simple salt structure described 
above. In agreement with this view Walden and Gomberg found 

^ Amer, Chem, Journ., 1901, 26, 54. 
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that the yellow solution of the chloride in liquid sulphur dioxide 
conducts, and therefore, it is to he presumed, undergoes ionisation. 
On the other hand, Hantzsch and Meyer ^ observed that the colourless 
bromide in pyridine and other solvents also conducts, though it shows 
no absorption in the visible spectrum. 

Baeyeor'fl Theory. Baeyer and Villiger, from a careful study of 
the problem, have arrived at a different explanation. If the coloured 
salts of triphenylmethyl have a quinoid structure, the para-chloro- 
derivative should possess the structure, 

(ClCeH,),C=<f^/ 

\— / \sO3H 

in which the one (quinoid) chlorine atom is differently situated from 
the other two and should consequently be more easily removable 
with silver solution. But an acetic-sulphuric acid solution of the 
substance gives no silver chloride after standing for twenty-four hours 
with a solution of silver acetate, from which it may be inferred that 
there is no difference in the stability of the three halogen atoms. 
The quinoid structure is therefore dismissed. Other facts point in 
the same direction. On increasing the basicity of the triphenyl- 
methyl radical by the introduction of methoxy groups into the nucleus, 
moderately stable coloured salts have been isolated. Trianisyl nitrate 
(CH30CeH4)3N03 + 14 HNO3 is deeply coloured. On the quinoid 
hypothesis these salts should have the formula : 

(CHsOCeHJ^C^/^ V=o/ 

\==/ ^OX 

from which the quinoid methyl group should be easily detached in 
conjunction with the acid radical. Moreover, the trianisyl compound 
should behave differently from the isomers with the methoxy groups 
in the ortho and meta position ; but no such difference has been 
observed. Baeyer therefore concludes that the coloured substance is 
not quinoid in structure, and that the difference between the coloured 
ionisable substance and the colourless non-ionisable compound must 
be formulated in another fashion. Carbon may function like nitrogen 
in ammonium salts or phosphorus and arsenic in the phosphonium 
and arsonium salts, that is, when saturated with basic radicals it 
may act like a metal, forming salts having the nature and structure 
of metallic salts. In order to indicate the difference between the 
colourless and coloured salts and the ionisation of the latter in solution, 
he has recourse to a difference in the character of the attachment oi 

1 3er., 1910, 43,886. 
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the carbonium carbon to the acid radical, which is represented by 
a straight bond in the colourless salts and by a wavy or ' carbonium 
valency' in the coloured salts. The coloured double salt with 
stannic chloride and the sulphate will appear thus : 

(CeH6)3C CI . SnCl4 

(CeH5)aC-^O.S03H 

It must not be supposed that the use of two kinds of bonds is 
anything more than a system of notation. It affords as much 
explanation as if the acid radical were underlined or written in red 
ink in one case and not in the other. 

The main point is that Baeyer, like Hartley, whose views he shares, 
does not regard the quinoid structure as affording an explanation of 
colour in this group of colouring matters. Many other colourless 
substances when dissolved in mineral acids give intensely coloured 
solutions. Dibenzalacetone and allied substances show this behaviour, 
and, according to the nature of the substitute phenyl radical, give 
coloured products with hydrochloric acid ranging from red to violet, 
which contain from 1 to 2 molecules of acid.^ This property of 
forming coloured salts from colourless or feebly coloured compounds 
has been termed by Baeyer halochromy (see p. 99). 

Baeyer does not entirely discard the quinoid structure, which is 
recognised as the basis of colour in certain triphenylmethane dyes, 
so that the cause of colour is twofold. It thus receives at his hands 
a wider, but at the same time a much less definite structural inter- 
pretation. In studying the properties of triphenylcarbinol derivatives 
Baeyer found that all hydroxy and amino compounds are colourless, 
and only become coloured on removal of the elements of water. In 
the mono-substituted derivatives only the para group can contribute 
to the loss of water. Thus, p-hydroxytriphenylcarbinol yields fuch- 
sone, while fuchsonium chloride is obtained fi*om i>-aminotriphenyL 
carbinol. 

O NH.HCl 



1 
c 


II 
c 


CgHj C0H5 


CgHg CgHj 


Fuchsone. 


Fuchsonium chloride 



(fuchaonimine chloride). 
1 Stobbe, Annaleny 1909, 370, 93. 
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Now both these substanoes have aa orange colour ; but the full 
depth of colour of the triphenylmethane dyes, as well as the charac- 
teristic absorption^^ands, are not deyeloped until at least two amino or 
two hydroxyl groups oeeapy the para position to the quinoid carbon. 
A comparison of the spectrum of the sodium salt of benzaurin with 
the hydrochloride of Doebner's violet showed identity in the absorp- 
tioii bands. It follows that the usual formulae cannot represent the 
true structure of these two substances, seeing that salt formation 
18 quite differently represented. 

O NH.HCa 



\/ 



c c 

CeHj CeH^ONa C^n, CeH.NHg 

Sodium benzaurin. Doebner's yiolet. 

The source of colour in such a case is, according to Baeyer, not 
due to the damping of the oscillations and consequent shifting of 
the bands of the parent hydrocarbon to the visible region, but rather 
to the character of the oscillations, which are determined by the 
rhythmical effect produced by the structure of the molecule. 

This rhythmical movement is caused by the oscillation of the metal 
or halogen atom between the two oxygen atoms or two nitrogen 
atoms respectively. The benzene nuclei must be represented as 
alternately possessing the structure of Graebe's superoxide formula, 
whilst the fourth carbon valency executes, as it were, a pendulum 
motion between the two oxygen or nitrogen atoms. The effect may 
be represented by the following formulae : 





Similar views have been applied to phenolphthalein, to the tetra- 
methylamino derivatives of diphenylphthalide,^ to aurin, and to para- 
fuchsin, but in the latter cases the three benzene nuclei are assumed 
to take part in the process. 

1 Qreen, J. Soc. Chem, Ind., 1909, 28, 688. 
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The same idea underlies the theory of colour put forward by Baly, 
Desch, and Stewart, and also by Willstatter, in which intermolecular 
or intramolecular change is made the active agent in producing 
molecular or electronic oscillations and so causing selective ab- 
sorption. 

Willst&tter's Theory. After showing that the simplest quinon- 
imines are colourless or faintly coloured (p. 96X Willstfttter ^ examined 
the coloured compounds obtained by Wurster in 1879 by the action 
of bromine on j>-aminodimethylaniline and tetramethyl-^phenylene- 
diamine. 

yN(CH3)a /N(CH;Ja 



NHa 

p-Aminodimethylaniline. 



Tetramethyl-p-phenylenediamine. 



The first gives a red compound of the formula C^H^N^Br and the 
second a blue compound of the formula CxoHigNjBr. The red 
compoundi which was regarded by Nietzki as a quinonimine, 

HN = CeH4 = N(CH3)8 Br, 

was found by Willstfttter to be a semi-quinonimine (meriquinoid), 
the fiill quinonimine (holoquinoid), obtained by oxidation of amino- 
dimethylaniline, being colourless. It was then found that the red 
semi-quinonimine could be obtained either by the partial reduction of 
the quinonimine or by the union of the original base with the 
quinonimine; in other words, the coloured substance belongs to the 
class of quinhydrones. Willst&tter explains the colour of the quin- 
hydrones by the saturation of the partial valencies of the oxygen 
atoms of the quinone and quinol, or of the nitrogen atoms of the 
quinonimines. 

O OH BrHjN NHg 




A 




X 




V 




O OH Br(CH3),N- NCCHj), 

Quinhydrone. Wurster^s compound. 

The difference between ordinary quinhydrone^ which dissociates into 
its colourless constituents in aqueous solution, and Wurster's com- 
poondy which retains its red colour, is attributed to the greater stability 

1 WillgUeter and Pioeard, Ber., 1908, 41, 1465. 
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of the latter and a form of isorropesis (p. 83) or make and break in the 
linking of the residual valencies, which sets up molecular oscillations.^ 
The same thing may also occur between parts of a molecule (that is, 
between a quinoid and aromatic nucleus) and explains the similarity 
of Wurster's red and fuchsine both in the colour of the aqueous 
soltftion and in that of the acid solutions of the imino compound. 

In this way the colour of the meriquinoids is referred to the same 
cause as that assumed by Baeyer in the di- and tri-phenylmethane 
colouring matters, the difference in the two cases being that in the 
fuchsonimines there is a state of isorropesis, which is restricted to 
the quinoid nucleus, whereas in the salts a meriquinoid condition 
prevails. 

Many similar coloured compounds of quinones, quinonimines, chlori- 
mides, and dichlorimides with amines and phenols have since been pre- 
pared,' and Werner * regards the coloured picrates of the hydrocarbons 
and aromatic bases as belonging to the same type, in which the residual 
affinity of the nitro group plays the part of the quinoid oxygen. 

These views on colour have encountered strong opposition, both on 
theoretical and experimental grounds. 

Kehrmann * considers that the triphenylmethane bases and their 
coloured salts differ fundamentally in structure, whereas in the 
meriquinoids and holoquinoids the structure of the chromophore is 
the same in both, and the colour is only developed on the introduction 
of a second molecule containing the auxochrome, NH^ or OH. 

But a more serious objection is that raised by Schlenk,^ who 
prepared coloured compounds consisting of two molecules in which 
there is no possibility of intermolecular oscillation. Such, for 
example, is the blue compound of chloranil and quinolmethyl ether. 
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» Willsl&tter and Piccard, Ber.y 1908, 41, 1458, 8245; Schlenk, Annalen, 1»08, 
868, 818 ; Decker, AnncUm, 1908, 862, 805. 

» K. H. Meyer, Ber,, 1909, 42, 1149; 1910, 48, 157. 

» B«r., 1909, 42, 482A ; see also Sudborough and Beard, Trang. Chem, Soc, 1910, 
/, 778 ; Hofmann and Kirmreuther, Ber., 1910, 48, 1764. 
* JB«r., 1908, 41, 2340. 
» Armaien, 1909, 868, 271. 
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Moreover, he has obtained j)-tetramethyldiamino fuchsone, 




,H4 CgHfJ 



(CH^),NC,H4 C,H«H(CH,)j 

Tetramethyldiamino fuchsone. 

which is a true dye, though oscillation of the kind suggested by 
Baeyer is impossible. Thus, the oscillation theory of colour must at 
present remain in abeyance. At the same time it is remarkable how 
frequently loose molecular combinations are attended by the appear- 
ance of colour. In this connection attention may be drawn to 
Vor1ftnder*s compounds (Part I, p. 148), which pass from a coloured 
labile to a colourless stable condition. 

The same thing has been observed in many other cases. TrL 
phenylmethyl, for example, combines with j7-benzoquinone to form 
an unstable orange additive compound, CeH^Os + 2(CoH5)3G, which 
rapidly changes into the stable and colourless triphenylmethyl 
ether. 



(CcIl3)aC0<(" )>QC(CeH,), 



Pfeiffer ^ has ventured on a new theory of colour, which applies 
more particularly to the coloured molecular compounds of the quin- 
hydrone type ; but which includes also the halochrome combinations 
of ketones with inorganic salts and acids already referred to and of 
nitro-compounds with aromatic hydrocarbons, with their auxochrome 
derivatives, and with acids and salts. These compounds belong to 
the following types : 

CeH^Oj , CflHe KfiO, Me X„ RNOj, CeHo Me - metal 

CeH402, (CoHe)2 RjCO, HX RNO2, HX X « acid radical 

Quinhydrones. Hulochromes. Molecular 

nitro-compounds. 

They contain a group possessing, what Pfeififer terms, one-sided 
saturation — that is, the doubly-linked oxygen of the quinone, ketone, 
or nitro group, which serves as the point of attachment for the other 
half of the molecule (benzene ring, acid or salt), is more saturated 
than the adjoining carbon. 

1 AnnaUn, 1914, 404, 1 ; 1916, 412, 253. 
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— C=(>--C=C, C=0-HX, 

Quinone or ketone Ketone 

-far. hydrocarbon. +aalt or acid, 

RN=<>"C=C, RNr^O HX 

il II 

o o 

Nitro-eompound Nitro-componnd 

+ ar. hydrocarbon. + salt or aoid. 

This one-sided saturation produces its chromogenic efieet by ran- 
dering the carbon or nitrogen less saturated. 



*u Theory of Colonr.^ Baly's explanation of absorption has 

already been outlined on p. 85. It is assumed to depend upon the 

fields of force surrounding the molecules. These may be closed or 

partially closed when they come together, but are capable of being 

opened up either by the action of the solvent or by the energy of the 

light waves to which they respond and which they absorb. This 

process of opening up may occur in stages and will be called into 

play by the use of different solvents, the effect of which will be 

recognized by varied selective absorption. There is, therefore, no 

occasion to postulate a new structure, as Hantzsch does, for each 

definite absorption spectrum, which according to Baly is derived 

from one unaltered primary structure. The existence of this 

primary structure is confirmed by 'proportionate representation' 

in the infra-red region of the spectrum. It has been deduced 

from the quantum theoiy, that if all absorption bands evidenced by 

one compound are functions of one single unaltered primary structure, 

there must be a constant difference between their frequencies, and 

that this difference must equal the frequency of an absorption band in 

the infra-red. Such a constant frequency-difference has been shown 

to exist and is taken as evidence of the explanation of the absorption 

and colour of the salts from one colourless base or acid.' 

. Xanffuaan's AnzodLroine Theory. Very different from the 
foregoing is the theory of Hugo Kauffmann,' sometimes described as 
the atUDOchrome theory. 

The vapours of many substances at low pressures absorb Tesla 
radiations (high-frequency-current discharge) and become luminous, 
generally with a blue or violet and, occasionally, with a green or 
yellow light. As the pressure is increased the luminescence in most 
cases disappears, but not in all, and those that retain the property 
at atmospheric pressure have in common certain characteristics, 
which are supposed to form the basis of colour, fluorescence, and 
phosphorescence. A comparison of luminescent compounds indicates 
that they are mainly benzene derivatives and contain certain groups 

> Joum. Soc. Chem, /nd., 1915, 84, 896. « FhiL Mag., 1914, 27, 682. 

s Die Ataochromey Ahrens* Vorirage, 1908, 12, 1. 
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which KaufFmann terms luminophores. Benzene is therefore re- 
garded as the seat of luminescence in these compounds. But henzene 
itself is only feebly luminescent. The effect may be intensified in 
various ways: in the first place by the introduction of an auzo- 
chrome (an amino or hydroxyl group) ; in the second place by the 
multiplication of aromatic nuclei, especially condensed nuclei, such 
as naphthalene, anthracene, &c., and thirdly by the linking of nuclei 
with unsaturated carbon chains, as in stilbene and diphenyl- 
butadiene. 

Cgllg • GH : CH • CgUg ^^^5 * Gxi : CU. • CH : CM • C5I15 

Stilbene. Diphenylbntadiene. 

This property of luminescence appears to run parallel with certain 
other chemical and physical attributes. Strongly luminescent com- 
pounds, such as aniline and j7-aminophenol, show a tendency to 
oxidise and form quinoid products, to undergo substitution and, 
generally, to exhibit unusual reactivity. They show, moreover, 
anomalous magnetic rotation (p. 53), and to a smaller extent 
anomalous molecular refractivity (p. 28). 

Other groups (NO2, CH3CO) produce a precisely opposite series 
of effects. These facts, according to Kauffmann, appear to indicate 
ihat in benzene, the seat of the phenomena, the energy of the 
molecule is differently distributed in its various derivatives, which 
may be represented by a difference of structure, and that there exists 
an ideal limiting condition of the nucleus towards which the most 
strongly luminescent compounds tend. 

This limiting or * D condition ' is best represented by the Dewar 
benzene formula, or at least by that portion of it which consists of 
the pair of parallel double bonds. It is found that those physical 
and chemical characters which are most simply expressed by this 
structure are precisely those which favour luminescence. It may be 
represented by the following grouping : 



Assuming Thiele's theory of partial valencies (Part I, p. 188), 
Kauffmann's idea may be put in this way: that auxochromes and 
those groups which act as auxochromes are such as, by their manner 
of linking to the benzene ring, demand more than a whole valency. 



KAUFFMANN'S AUXOCHROME THEORY 



125 



This will explain the feeble luminescence of benzene as compared 
with that of naphthalene and anthracene, 
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the luminescence produced by an unsaturated carbon chain, 



>wC=C=< 



\ 



and by the introduction of amino and hydroxyl groups. 
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These views are more fully developed in the section on fluorescence 
(p. 134). 

The auxochrome theory, contrary to that of Hantzsch (of isomeric 
change accompanying change of colour) makes no assumption 
as to interaction of auzochrome and chromophore, except in so 
far as residual affinity of the auxochrome tends to produce a D 
condition of the nucleus. Benzene is optically coloured, for it 
produces a banded spectrum in the ultra-violet. If auxochromes 
are introduced, the effect is to shift the absorption towards the red 
and thus produce visible colour. By passing from benzene to naph- 
thalene and anthracene the bands shift more and more towards the 
red. Some of the absorption bands of nitrobenzene lie just within 
the visible spectrum, so that a weak auxochrome is sufficient to 
produce visible colour. These are precisely the views of Hartley ; 
but Ejiufifmann explains in addition the cause of the shifting, which 
Hartley does not define. The latter considers that both auxochromes 
and chromophores produce their effect by virtue of their residual 
affinities^ which correspond to Thiele's partial valencies. The greater 
the residual affinity binding auxochrome and chromophore to the 
nucleus, the more intense the colour. 
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How then does it come about that the free nitrophenols are often 
more deeply coloured than their ethers, in spite of the fact that alkyl 
groups often enhance the auxochrome effect ? In the case of ortho 
nitrophenol neither Hantzsch's theory of isomeric change nor that of 
solid solution nor of dissociation is free from objection. Kaufifmann 
explains it as follows : the oxygen and nitro group are conjugated to 
the nucleus, leaving the oxygen with a residual valency, whilst the 
ionisable hydrogen is simultaneously joined to both, 

O^ ^H 

I) ( 

/\^N=0 



which implies a division of the hydrogen valency. The larger, 
therefore, the amount of hydrogen valency absorbed by the oxygen of 
the nitro group, the more of it will be at the disposal of the benzene 
ring for binding the hydroxyl oxygen, so that the latter derives an 
increased activity as auxochrome. As more valency is at the same 
time free for linking the nitro group to the nucleus, the two groups, 
auxochrome and chromophore, will combine to deepen the colour. 
Metals may behave like hydrogen, but the distribution of valency 
will probably be of a different character, and so the colour effect may 
vary from salt to salt. Alkyl groups, on the other hand, are less 
mobile, and mutual reinforcement of auxochrome and chromophore 
does not take place. 

Zndicaton. Ostwald,^ in applying the ionic theory to analysis, 
advanced a new theory of indicators, which may be explained as 
follows : an indicator is a substance which forms coloured salts and 
has a weak basic or acid character ; that is, it is slightly ionised in 
solution and its organic ion has a different colour from that of the 
non-ionised molecule. Its sensitiveness will depend upon the amount 
of ionisation. The fewer the number of ions, the more delicate will 
be the indicator on addition of base or acid. For, supposing the 
indicator to be the salt of a weak acid, it will ionise into coloured 
organic and metallic ions. The addition of a rather stronger acid 
introduces a number of hydrogen ions and, according to the mass 
law, will diminish the amount of ionic dissociation of the organic 
molecule and so cause a change of colour. But a weak acid must 
be used in conjunction with a strong base ; otherwise hydrolytic 

1 Zeit. physik. Chem., 1892, 9, 679 ; see also The Foundations qf Analytical Qtemiatry, 
W. Ostwald. Jdaomman. 
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decomposition may occur and the change will be indistinct. A good 
example af a weak acid is phenolphthalein, which is nearly colourless 
in the non-ionised state, but whose ion, according to Ostwald, is red. 
A solution of the sodium salt contains the coloured organic 
and sodium ions. The addition of a strong acid, such as hydro- 
chloric acid, which is highly ionised will diminish the amount of 
ionic dissociation of the indicator and the phenolphthalein will pass 
into the colourless non-ionised condition. Phenolphthalein is more 
serviceable for acidimetry than for alkalimetry, for in, the latter case 
it can only be used in conjunction with the stronger bases for the 
reason given above. 

Methyl orange, on the other hand, is a moderately strong acid 
whose ion is yellow, whereas the non-ionised molecule is red. The 
aqueous solution of the free acid is perceptibly ionised, but, on 
addition of a trace of strong acid, ionisation is diminished and the 
red colour of the non-ionised molecule appears. But if the acid is 
weak, that is, slightly ionised, sufficient ions are not produced to 
visibly affect the number of organic ions, and an excess of acid will 
be required to produce a change of colour ; in other words, the end- 
point will be indistinct. The selection of the indicator will therefore 
depend upon the nature of the base or acid to be estimated. 

This view of ionic dissociation receives substantial support from 
the fact that the salts of a coloured acid with a series of colourless 
bases gives the same coloured solution, and similarly with the salts 
of a coloured base with different acids. That the colour of an ion is 
intimately associated with its ionic change seems to follow from the 
colour of ferrous and ferric salts, which contain the differently 
coloured ferro and ferric ions, from that of the ions of manganates 
and permanganates, and from the colour of the halogens and their 
colourless ions present in the halogen acids. In the last case the 
halogen is molecular in one case and atomic in the other, and the two 
are therefore not strictly comparable. On the other hand, little 
difference in absorption in the ultra-violet has been observed between 
the slightly dissociated acetic acid and the highly dissociated salts. 
Further, many colouring matters retain their colours in the solid 
state. This applies to the alkali salts of phenolphthalein and j>-nitro- 
phenol. Nor does the ionic theory explain the disappearance of colour 
when a solution of phenolphthalein in alkali is made more strongly 
alkaline and its reappearance on neutralisation of the free alkali. 

The discharge of the colour of certain indicators by the addition 
of ionising solvents, such as alcohol, is out of all proportion to the 
de-ionising effect and, furtli^r^ the non-ionising solvents will often 
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produce less decolourisation than those which are known to produce 
ionisation. If colour is due to ionisation, depth of colour should 
not follow Beer's law, that is, it should not vary proportionately 
with dilution, and an ionising solvent should produce a different 
effect on dilution from that of a non-ionising solyent ; but neither 
conclusion is supported by experimental e^idence.^ 

The other theory of indicators is a chemical one. The notion that 
change of colour is accompanied by a change of structure has been 
suggested by many observers : by Bemthsen and Friedlfinder, and 
more recently by Stieglitz,' Hantzsch, Kremann,' and Bredig/ The 
change of structure of aliphatic and aromatic nitro compounds on the 
addition of alkali has been very fully discussed (p. 101). The same 
reasoning has been applied to the colourless and coloured pseudo 
and true bases of the triphenylmethane series (p. 114). The chief 
evidence against such a view is of a physical rather than of a chemical 
nature, and is mainly based upon the absorption spectra of the parent 
substances and their derivatives (p. 112). Assuming that change of 
colour, at least in certain cases, is an indication of change of structure, 
the fact will explain among other things the slow colour change of 
certain indicators. Change of structure implies a time reaction, 
whereas ionisation should be instantaneous. This is very strikingly 
seen in the case of phenolphthalein. With caustic soda it gives a red 
solution which becomes colourless on further addition of alkalL The 
loss of colour, which takes place slowly with dilute alkali but does 
not occur on the addition of a neutral salt containing a common 
metallic ion, is difficult to explain on the ionisation hypothesis. 
Moreover, the colourless alkaline solution may be neutralised with 
acetic acid in the cold without apparent change, and the colour only 
returns on heating, as Green and Perkin have shown.* These results 
may be very simply explained by change of structure from the 
colourless lactone to the coloured quinoid form. On further addition 
of alkali the coloured quinoid passes into the colourless carbinol salt 
and its colourless acid. 

C0H4CO CfiH^ . COONa CeH^ . COONa 

II I I 

C— C C.OH 

HOCeH^ CeH40H HOCeH^ \k^:0 HOC^E^ CeH40Na 

Colourless Coloured Colourless 

lActone. quinoid. carbinol. 

1 Ber., 1906, 80, 4169; 1908, 41, 1161. < J. Amer. Chem. Soc., 1908, 25, 112. 

> ZeiL anorg, Chem,, 1908, 88« 87. * ZeO. ancrg, Chem., 1908, 34, 202. 

* Proc. Chem. Soc, 1904, 20, 60. 
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The change has been followed by Hantzsch and Meyer ^ by 
observing the conductivity. Moreover, Green and King* have 
obtained the methyl ester of phenolphthalein and of its methyl 
ether, which are orange or red and are therefore assumed to correspond 
in structure to the sodium salt. 

CgH^ . COOCH3 CflH^ . COOCH3 

CH;jO.CeH4 CeH4:0 HOCeH^ CeH^iO 

Orange. Bed. 

This view explains also the fact that whereas alcohol decolourises 
the ammonium salts of phenolphthalein, it has no such effect on its 
ester, for lactone formation can occur in the one case, but not in the 
other.' A further proof of the above structural differences is the 
existence of a lactone methyl ether, isomeric with the ester, which is 
colourless. 

CeH4 . CO 

C O 

CII3OCQH4 C6H4OCH3 

This should, according to the former view, form a coloured alkali 
salt, whereas the addition of caustic soda gives a colourless solutioUi 
which is taken to be the carbinol compound. 

A very similar series of observations have been made by Meyer 
and Marx,* who obtained by the action of ethyl iodide on the silver 
salt of tetrabromophenolphthalein a yellow diethyl ester which 
easily passes into the colourless isomer. 

CeH4 . CO CeH^ . COOCaHj 

C c 

y\ /\ 

CaHgOCeHjBra CeHJBr^OC^^f^ CaH^OCfiHaBra CeHaBra'.O 

Coloorleas. Yellow. 



1 B9r., 1907, 40, 8480. 

' B^., 1906, 89, 2866 ; J. 8oe. ChMn. Ind., 1908, 27, 4. 

' Meyer and Spengler, Bar., 1906, 88, 1818. 

« Bit., 1907, 40, 1414. 
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FLUORESCENCE 

When light falls upon a substance, some of it may be reflected 
imchanged, some may be converted into heat, and some may be 
emitted in the form of light wayes. According to Stokes (1852) the 
emitted wayes haye a longer period than those which are absorbed 
(Stokes's Law), but this has proved not to be invariably the case. 
Ultra-violet light, for example, will cause a solution of quinine 
sulphate to fluoresce with a blue colour, that is, with one of longer 
wave length, but, on the other hand, fluorescein, eosin, &c., emit 
light of shorter wave length,^ whilst the absorption and fluorescent 
spectra of iodine vapour are the same. 

If the effect ceases as soon as the source of light is withdrawn, the 
phenomenon h$ known as fluoreacence ; if it continues for a longer or 
shorter period after the stimulus ceases, it is called phosphorescence. 
The two merge into one another, and there is no sharp line of 
demarcation, as Becquerel showed by means of his phosphoroscope. 

Fluorescence may be observed in many substances, solid, liquid, 
and gaseous. Fluornspar and uranium salts are familiar examples of 
solids which become self-luminous with characteristic colours under 
the influence of light ; paraffin oil and an acid solution of quinine 
give out a blue light ; solutions of fluorescein emit green light, and 
eosin and chlorophyll red. Iodine, sodium, anthracene, indigo, &a, 
in the form of vapour also fluoresce. It will be seen that fluorescence 
is not restricted to any physical state nor confined to any parti- 
cular position of the spectruuL The emitted light was naturally 
observed first in the visible spectrum, but Stark has shown in the 
case of several aromatic hydrocarbons that it may occur in the 
ultra-violet region and will probably be found also in the infra- 
red. Moreover, there exists a limited range of waves peculiar to each 

^ Nichols and Meritt, Physical Bwmo, 1904, 10, 18. 
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fluorescent substance which can excite fluorescence, and a com- 
paratively small range of waves is emitted having a well-marked 
maximum of intensity. This maximum corresponds to a maximum 
in the absorption curve ; but, as there is a shift in the emission 
spectrum, the curves do not overlap, but lie side by side and dove- 
tail into one another. Selective absorption of waves of definite 
wave length by fluorescent substances is readily demonstrated by 
directing a beam of light on to the surface of a quinine solution. It 
is only at the surface that the blue colour is perceived. The 
light is there robbed of the vibrations which produce the eflect; 
for on entering a second layer of the same solution no fluores- 
cence is visible. But if the second solution is replaced by one of 
eoein a green fluorescence will be produced at the surface as these 
waves have been transmitted by the first solution. 

The nature of the solvent has a definite eflect on fluorescence. 
Under its influence, fluorescence may be intensified, diminished, 
or made to vanish. Fluorescein fluoresces strongly in alkaline 
solution, and there is a gradual diminution of fluorescence with the 
solvents taken in the following order : methyl alcohol, pyridine, and 
acetone, disappearing completely in the last. 

o-Aminocinnamic ester fluoresces with a violet colour in ligroin, 
blue in benzene, and green in alcohol ; that is, with a longer wave 
length the higher the dielectric constant of the solvent. Concen- 
tration also aflects fluorescence, which may be intensified or 
weakened by dilution. The action of the solvent has received no 
complete explanation. 

It has been stated that the absorption of light is associated with 
the vibration of the valency electrons by a process which may be 
compared with that of resonance ; but it is not easy to see why 
a particular set of light waves should give rise to vibrations of 
a diflerent period such as occurs in fluorescent substances. More- 
over, the fact that phosphorescence is only a special kind of 
fluorescence makes the notion of resonance improbable ; for it im- 
plies that the vibrations of the electrons are continued sometimes 
for hours after the stimulus is removed. It seems more probable, 
as Wiedemann * suggested, that under the stimulus of the absorbed 
light an actual chemical change is efiected by a temporary dis- 
placement of the atoms within the molecule or of a group of atoms. 
Hallwachs, who in 1888 observed that ultra-violet is capable of 
discharging a negatively charged metallic plate or producing in 

> Wiedemano, Annalen, 1895, 56, 201. 

K 2 
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a neutral plate a positive chaige, gave the clue to the present 
explanation.^ 

In terms of the electronic theory, the violent vibration excited 
by the absorbed light may detach an electron from one kind of 
atom and transfer it to another.' The new arrangement may be 
stable and produce a new substance (see p. 86), or unstable, when 
a more or less rapid change to the original position may occur. 

This reversion will set up vibrations having a characteristic 
period, which will cause fluorescence if the reversion is rapid, or 
phosphorescence if the process is prolonged. It might be supposed 
that such a transition would be assisted by rise of temperature, and 
numerous cases are known in which it mil revive or intensify the 
luminosity of phosphorescent substances, such as calcium sulphide, 
but it is also found that many compounds — acetophenone, benzo- 
phenone, diphenyl, &c. — which do not fluoresce at the ordinary 
temperature will do so when cooled in liquid air (—180°). It is 
possible that the phenomenon associated with diflerences of tem- 
perature may depend on exothermic or endothermic changes. 

The Relation of nuorescence to Stmotxire. We have now 
to try and discover if any relation subsists between fluorescence 
and structure. From the similarity in the nature of selective 
absorption and fluorescence such a relationship seems highly 
probable, and there is little doubt that it exists. 

Like banded absorption, fluorescence reveals a banded spectrum, 
which has been chiefly observed among members of the aromatic 
series and affords further evidence of close relation between the two 
phenomena. 

A very full list of such substances is given by Kauffmann.' It 
includes an extraordinary variety of compounds, the greater number 
consisting of condensed homo- or hetero-cyclic complexes, often 
containing certain characteristic groups. 

A number of theories, both statical and dynamical, have been 
suggested by different observers, which, if they do not throw any 
very clear light on the phenomenon itself, serve at least as useful 
generalisations under which a very large number of fluorescent 
substances may be classified. It should be pointed out that the 

1 Drude, ZeU.f. EUdrochemie, 1904, 14, 677, 936. 

'^ It was found later (Stark and Steabing) that organic compounds, including 
fluorescent substances, behaved similarly,and a current was set up by illuminating 
a sensitive electrode in a conducting liquid. Light cells have been constructed 
on this principle. 

' Dm BwUhungen zwiachmi Fluonscenz und chenmchw KomtUtUiont Ahrens' VorMig9^ 
1907, U, 1. Enke, Stuttgart. 
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theories are essentially qualitative in character. There is no at- 
tempt at connecting the nature, position, or intensity either of 
absorption or emission spectra with any particular atomic group- 
ing. It follows, therefore, that the reverse process of ascertaining 
structure by a study of fluorescence is at present out of the question. 

!&. Meyer's Theory of Fluorescence and Structure. Liebermann 
(1880) was the first to attempt to correlate fluorescence with structure. 
The subject was then taken up by R. Meyer. ^ Fluorescence, accord- 
ing to the latter, is determined by the presence of certain groups 
which are termed fluorqphores. They are ring complexes of the 
following types: 
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such as are found in anthracene, acridine, pyrones, azines, oxazines, 
and thiazines. The fiuorophore is not, however, sufficient to pro- 
duce fluorescence. It must be associated with dense atomic com- 
plexes, an arrangement which m.ay be illustrated by the following 
examples : 
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Fluorescein. 
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CeH,<;^ 
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Fluorane. 
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Phenolphthalein. 

Diphenylpyrone in strong sulphuric acid and naphthalic anhy- 
dride are also fluorescent for the same reason. 



9 OCj^^CO 

CeH/\CcH5 



Diphenylpyrone. Naphthalic anhydride. 
^ Zeit, physik. Chem,, 1897, 24, 468. 
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The theory, it will be seen, resembles Witt's chromophore 
theory of colour, in which the fluorophore, like the chromophore, 
is not itself responsible for the particular phenomenon of which 
it is the seat, but only becomes so in association with other groups. 

The theory is, however, complicated by the fact that the fluor- 
escence is greatly influenced by the nature and position of the 
substituents in the nuclei associated with the fluorophore. The 
fluorescence of fluorane is diminished by introducing two hydroxyl 
groups into the two benzene nuclei in the meta position to the 
pyrone oxygen, and completely destroyed by their introduction 
into the para position. Chlorine atoms, nitro and methyl groups 
in the meta and para positions also diminish or remove fluores- 
cence. Moreover, fluorophores are not essential to fluorescence. 
Diphenyl has a weak fluorescence, j7-diphenylbenzene is stronger. 
The theory is obviously lacking in essential details. 



i's Theory. These details have been supplied by 
Kauffmann,' who has modified Meyer's theory in the following 
way. Kauffmann finds that Meyer's fluorophores have the property 
of luminescence ; that is, they can be excited when vapourised by 
the Tesla discharge, or in the solid state by exposure to p rays,' so as 
to emit light. The nature of the substances possessing this 
property has already been discussed (p. 128). It is usually asso- 
ciated with cyclic structures, but ii occasionally found among 
carbonyl compounds. The luminescent substance is termed a lumino' 
phore. In order that the property of luminescence may be trans- 
formed into that of fluorescence, other atomic groups, fluorogens, 
are necessary. The fluorogens cori'espond roughly with the chromo- 
phores, and include carboxyl, carbonyl, cyanogen, and acrylic acid 
groups, the ethylene bond and conjugated ethylene bond, the benzene 
ring and the ortho- and para-quinoid ring, the azomethine group 
and conjugated azomethine ring, &c. 

N 




N 

Azomethine ring. 

To return to the luminophore or luminescent substance. Benzene, 
though the seat of luminescence, is not of itself a luminophore. 

^ Die Auxochronuj Ahrens' Vortrage, 1908, 12, 35. 
* Ber.j 1904, 87, 2946; AnnaUn^ 1906, 844, 84. 
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It requires the introduction of auzochromes, that is, of amino and 
hydroxyl groups, alone or modified by the introduction of alphyl 
and aryl radicals. Acyl groups and salt formation destroy 
the effect of the amino group, and a metal in place of hydrogen 
that of hydroxyl, but ring formation, of which the auxochrome 
forms part, does not Fundamental types of luminophores are 
aniline and quinol, which luminesce strongly. The same result 
may be produced by multiplying the number of benzene nuclei, 
as in diphenyl, and more especially of compact groups of nuclei, 
as in naphthalene, anthracene, &c., which are strongly lumines- 
cent, though not so active as the single nucleus with its auxo- 
chrome. Pyridine and tetrahydroquinoline carboxylic acid are 
luminescent, and so are many other simple ring compounds. 

The fundamental idea underlying Eauffmann's theory has already 
been referred to (p. 123). The property of luminescence, and conse- 
quently of fluorescence, is dependent on a peculiar state of the 
benzene nucleus which is the seat of the phenomenon. In every 
benzene derivative the ring is supposed to be in a condition 
peculiar to that compound, but certain ideal extreme conditions 
may be imagined which give rise to characteristic properties. One 
of these ideal limits may be represented by Dewar's formula 
for benzene, where the substance is said to be in the 'D con- 
dition' and is then characterised by (1) maximum reactivity, 
(2) maximum tendency to form quinoids by oxidation, (3) maxi- 
mum anomalous magnetic rotation,^ and (4) maximum luminescence. 
This state is highly developed in dimethyl^phenylenediamine and 
nearly absent in nitrobenzene. 

The limiting D condition is then Dewar's benzene formula with 
a mobile para bond, such as Thiele's theory of partial valencies 
might present. 



/ 



\ 
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\/ 



Dewar*8 formula. Thiele^s formula. 

Admitting that luminophores are in the D condition, a number 
of empiric rules may be laid down in regard to the effect of 
auxochromes in producing this condition. Amino and hydroxyl 
groups tend to do so, depending on the strength of the auxochrome. 
If more than one is present, they only reinforce one another when 

> ZeU. phusik. C%m., 1906, 66, 547. 
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in the para position, as, for example, in dimethylquinol. This 
possesses the highest luminescence of all hydroxy derivatives. 
When the auxochromes are in the ortho or meta position they 
act in opposition, and consequently the action of auxochromes is 
not necessarily additive. The strongest luminophores contain para 
auxochromes. In these compounds weak fluorogens can excite 
fluorescence. This fact explains why derivatives of quinol, j?-amino- 
phenol, and jp-phenylenediamine are so frequently fluorescent. 

Suppose the fluorogen F to occupy the para position to one of 
the auxochromes Aj and there is a second auxochrome A2, two 
arrangements of the three groups are possible. 



Ax 



Y 



Ai 



y 



^2 



The fluorogen may tend to produce or suppress the D condition ; 
but it is only in the former case that fluorescence is possible. 
These empiric propositions have been laid down by Kauffmann 
under the term 'the law of distribution of the auxochrome.' The 
ethylene bond promotes this state like an auxochrome. Henco 
stilbene and the coumarins are fluorescent. 



< 



>-CH=CH— < 



Stilbene. 




\/ 



H=CH 

I 
_0— 00 



Goumarin. 



Carboxyl has the reverse effect when in the para position, but 
produces fluorescence in the ortho position to the auxochrome. 
Anthranilic acid fluoresces, but not the para compound. That the 
parallel double linkage of the Dewar formula is responsible for 
luminescence, and therefore for fluorescence, is seen in certain 
hydropyridine carboxylic esters such as dihydrocollidinedicarboxylio 
•ster, which has a strong and characteristic fluorescence. 

OH3 



C«H,OOC . c/ \c . COOCoH 



'2"6 



CHq. 
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• CHg 

NH 

DihydroooUidinedicarbozylic ester. 
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Other examples of the same thing are succinosuccinic ester and its 
imide, A^^ dichlorodihydroterephthalic ester, tetraphenyl-^^-xylylene. 



&c. 



CflHi 






=n/ 



CftHi 



>=C 



^o,u. 



Tetraphenyl-p-zylylene. 

Thus, the D condition of the nucleus corresponds to Meyer's 
fluorophore (p. 183). 

Some compounds, such as the quinones, which contain parallel 
double bonds and yet do not fluoresce, have not yet received any , 
satisfactory explanation ; but it may be that the light energy is for 
some reason utilised in producing colour rather than fluorescence. 

Eauffinann has made a large number of experiments on deriva- 
tives of quinol dimethyl ether, containing a side-chain, in order 
to determine in what respect substitution in the side-chain affects 
fluorescence. He explains the results by Thiele's theory, namely, 
that the stronger the partial valency which attaches the side-chain to 
the luminophore, the greater the fluorescent intensity. The follow- 
ing examples will make this clear : 



OCH3 



K/ CHg 

OCHs 

Fluorescent. 

OCH3 

/\=C— CH, . C„H, 



OCHj 

/N^C=CH . CH, 

(I 
C«H. 



'6**6 



0CH3 

Non-fluorescent. 
OCH, 



/\^c=c. 



o 



0CH3 

Fluorescent. 

OCHj OCH3 

/\^C— OCgHj /\^C=^ . OC9H 

II II  

OCH3 

Non-fluorescent. 



H. 



O 



OCH3 

Non-fluorescent. 



OCH3 

Fluorescent. 



6"6 



OCH3 

/\:=rC:C;:^C.OC6H5 

0CH3 

Fluorescent. 

In reviewing the foregoing it will be seen that whereas benzene is 
the seat of fluorescence, the latter is only excited by the presence of 
two kinds of groups — ^the auxochrome and fluorogen — ^which must 
be introduced in certain positions. The luminophore, or that which 
produces luminescence, is determined by the insertion of an auxo- 
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chrome ; finally, the subsequent introduction of a fluorogen causes 
fluorescence. The fluorogen appears at times to play the part of an 
auxochrome, and it is difficult to differentiate clearly the functions of 
the two ; but it is assumed that the general tendency of both is 
to create a particular condition of the benzene ring, which is repre- 
sented by the Dewar formula. 

Since Stark's discovery ^ that benzene fluoresces in the ultra-violefcy 
experiments haye been instituted by Stark and Meyer, Ley and 
others ' with the object of tracing the influence of substituents by 
observing the change in the character and position of the fluorescence 
in this region of the spectrum. Francesconi and Barghellini have 
shown that every substituent modifies the spectrum and shifts 
it towards the visible region. At the same time the intensity is 
affected by the substituents, which may either increase it (auxoflores) 
or diminish it (bathoflores). Among the auxoflores are the two 
auxochromes and their alphyl and aryl derivatives. Alkyl groups act 
as auxoflores without shifting the position of the bands. The other 
auxoflores, OH, OCH3, NHg, CN, COOH, CH :CH, shift the bands 
towards the visible region. Among the bathoflores are nitro groups, 
which entirely destroy fluorescence,a8 others had previously observed, 
and also the halogens, CH^j CO, and N : N, which weaken it. The 
effect of salt formation has been studied in the same manner. The 
line of investigation, by connecting absorption and fluorescence with 
stinicture, has a special interest, but has thrown little fresh light 
on the phenomenon. According to Stark' the auxoflores loosen 
the valency electrons, the bathoflores produce the opposite effect 

Hewitt's Theory. Finally, Hewitt's theory^ should be mentioned. 
Like Baly's theory of banded spectrum, which is an indication of 
oscillatory motion or electronic activity within the molecule, or 
Baeyer's theory of colour, it is based upon dynamic isomerism. 
Fluorescence is conditioned by a process of oscillatory tautomerism, 
or rapid vibration between tautomeric forms, of a peculiar kind, 
found among a certain class of substances capable of exhibiting 
what has been termed double symmetrical tautomerism. 

The two modifications absorb and emit alternately light rays 
of different period. The operation may be compared to the swing of 
a pendulum, which once displaced would in the absence of friction 
continue to swing indefinitely. Thus, fluorescein can be represented 

1 Stark and Meyer, Physik. ZeiL, 1907, 8, 250. 

s ZeU.physik. Cffiem., 1910, 74, 1 ; Ber,, 1908, 41, 2968. 

s Zeit.phy8ik, Chem., 1900, 84, 1. 

« Tran$. CKem. Soc.y 1907, 91, 1251 ; Zeit, physik. Cftem., 1900, 84, 1. 
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in two tautomeric forms — a lactone and quinone form — between 
which oscillation is supposed to take place. 
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^\/V\/\0H 



C,H,/ .OH '^ 
CO HO 



O 



B 







HO 



/V/\/\^o 




c 

^C«H,//OH 
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OH 



^2 



CeH,<(^0 



CO 

The phases are represented by the formulae A, B Aj. Each 
swing passes from A^ through B to Ag and back again, and at A^ and 
A2 energy is alternately absorbed and emitted. The process differs 
from ordinary dynamic isomerism inasmuch as the substances 
causing fluorescence are identical at the beginning and end of the 
swing, and moreover the intermediate position must present a sym- 
metrical complex, otherwise one might expect all dynamic isomers to 
show fluorescence ; for in a state of equilibrium they may be supposed 
to oscillate between the two forms. 

Many fluorescent compounds, already refeiTed to, will be found to 
fulfil these conditions. Anthracene, for example, will oscillate between 
the following phases : 



\/\/\/ \/\/v \/\Ay 

Fluorane, which does not fluoresce in alcoholic solution, is found 
to do so when dissolyed in strong sulphuric acid, 

H SO4H SO-H 




^\y\/\ 



c 

C,H,<^0 
CO 



c 

C«H,<^OH 
CO 
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Tho fluorescence of diphenylpyrone, which appears when the 
substance is dissolved in strong sulphuric acid, has received the same 
explanation. 



SO^H 
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C,H/\CeHs 
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In case the intermediate phase does not represent a symmetrical 
structure, fluorescence is not produced, and this is supposed to account 
for the absence of fluorescence in the unsymmetrical dimethylfluores- 
cein, whereas the symmetrical compound fluoresces. 



O 



O 



HO^VV^OH 



H 



o/'^/V^ 



H, 



CXI3 C CI13 
CeH,<f>0 
CO 


Fluorescent. 



HO C CHj 
CeH,<^0 
CO 


Non-fluorescent. 



Similarly, acridine yellow fluoresces strongly, whilst chrysaniline 
produces only a feeble effect. 

N N 




NH. 



V\ 



NH, 



Acridine yellow. 



/\/ 



CQH4NH2 

Chrysaniline. 



The intermediate phase will have a symmetrical structure in the 
first case, but only half symmetrical in the second. 

Phenosafranine hydrochloride gives a yellowish red fluorescence in 
alcohol ; but aposafranine hydrochloride, in which one of the amino 
groups is absent^ does not. 



HEWITT'S THEORY 



141 




N 




I. 01 



C,H, 

PheBOsaflranine HCl 
(intermediate phase) . 



oX 01 

Aprosaftranine HCl 
(intermediate phase). 



The theory is not without its weak points. There are, for example, 
substances which fulfil the conditions required by the theory and 
which neyertheless do not fluoresce. There is no apparent reason 
why phenolphthalein should not, for it can exist as lactone and 
quinone and has a perfectly symmetrical structure, and the same 
applies to tetranitrofluorescein. Then again, it has been shown that 
if the mobile hydrogen is replaced by an alkyl group and tautomerism 
thereby suspended, fluorescence may still remain. 
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PHOTOCHEMISTRY OF ORGANIC COMPOUNDS* 

It has already been pointed out that the absorption of light is 
accompanied by the production of heat, fluorescence, or phosphor- 
escence, or may go further and bring about definite chemical changes. 
There seems little doubt that these phenomena are closely correlated 
and may be explained by a temporary or permanent redistribution 
of the electrons. Before discussing more fully the principles which 
underlie photochemical action it may be convenipnt to consider the 
nature of the change. 

The action of light as a bleaching agent has long been recognised, 
as well as its effect in changing the colour of certain minerals. The 
earliest definite record of its chemical action seems to have been 
made by Schultze in 1727, who noticed its effect on silver salts. 
The subject was taken up again and more fuUy investigated by 
Senebier in 1782. Its application to the pictorial reproduction of 
objects was utilised by Davy and Wedgwood in the early part of the 

* An excellent summary on 'The Chemical Action of Light ', by W. A. Dayis, 
is published in ScUnee Progru$, 1912, 26, 251. 
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nineteenth century, whothuslaid the foundations of the photographic 
process. The absorbing technical possibilities of this process, its 
remarkable success and widespread application, diverted attention 
from the wider and i^ore purely scientific aspect of the phenomenon, 
an4 it is only in recent years that its systematic study has claimed 
proper attention. Apart from the records of its effects and an 
examination into the dynamics of a few special reactions, the theory 
of photochemical change has not advanced very far. Certain 
generalisations of fundamental importance have, however, been 
reached. In the first place, it must be recognized that the action of 
light is not confined to the visible spectrum, but covers a range 
extending from the shortest R()ntgen rays to the long electrical 
Hertz waves. 

Plotnikow in his Photochemie^ postulates the following three 
photochemical laws. The first was discovered by Theodor v. 
Grotthus' in 1818, who showed that those bodies must act most 
strongly on a given coloured ligbt (or vice versa) which, in their 
natural condition, exhibit the complementary colour. Twenty-four 
years later the same law was enunciated by Draper, and is known as 
' Draper's absorption law '. In referring to the union of hydrogen 
and chlorine under the action of light he says : ' The quality gained 
by chlorine arises from its having absorbed ihitonic rays, corre- 
sponding in refrangibility to the indigo. It is not transient but 
a permanent property, the rays absorbed becoming latent and the 
effect lasting an unknown time.' Herschel in 1842 confirmed it by 
the observation that paper stained with different vegetable colours 
was bleached most rapidly in the part of the spectrum which showed 
the complementary colour. 

The second law states that photochemical action is proportional to 
the amount of light absorbed and is independent of the wave length. 
Timiriazew found in 1869 that the amount of carbon dioxide assimi- 
lated by green leaves corresponded to the region of largest absorption, 
namely, the orange portion of the spectrum ; but the experimental 
proof was furnished by Lasareff,' who was able to measure with the 
aid of a thermocouple the light energy absorbed and determine by 
means of a spectrum photometer the rate at which colours were 
bleached in different parts of the spectrum. 

The third or sunmiation law was formiilated by Plotnikow in 1906. 
This observer found that hydrogen iodide is oxidised differently in 
the dark and in the light and was able to follow the reactions 

^ Photoehemief by J. Plotnikow. Knapp, Halle, 1910. 

s Ostwald's Klassiker, No. 152, p. 101. > Ann. d. Physikj 1907, 24, 661. 
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independently. He concluded from his results that when the 
substance is exposed to the light the two effects, that in the light 
and in the dark, are superimposed. 

Photochemical changes yary enormously in character ; for it will 
be easily understood that the absorption of light may act in many 
ways. It may increase the energy of the system or it may act, as it 
were, catalytically, setting free a certain amount of energy. In the 
first case a labile and reversible system will be produced ; in the 
second, one of greater stability which is irreversible. Photochemical 
reactions may therefore be divided broadly into two classes, the 
irreversible or catalytic light reactions, and the reversible reactions 
the result of which consists in the shifting of the equilibrium point, 
which in the dark reverts to its original position. The system, in 
this way, increases its internal energy in the light and loses it again 
in the dark. TheoreticaUy, such a process could be utilised for doing 
work at the expense of the light energy absorbed, and is in fact 
continually taking place when coal ia burnt. 

There is a third class of reactions which may be termed false or 
apparent photochemical equilibria, and may be illustrated by the 
following example : Luther and Plotnikow ^ foimd that if a solution 
of hydriodic acid and phosphorous acid is exposed to the light it 
turns yellow, i^om the separation of free iodine. In the dark the 
colour disappears, but reappears again on exposure to light, and so 
forth. The explanation is that two reactions are going forward ; the 
first, which takes place rapidly in the light and is practically 
stationary in the dark, is due to the oxidation of the hydriodic acid 
to water and free iodine ; the second, which is slower and unin- 
fluenced by light, is due to the oxidation of the phosphorous acid by 
the iodine and its conversion into phosphoric acid and hydriodic acid. 

2HI + 0=H20 + l2 
H3PO3 + H2O + Ijj - H3PO4 + 2HI 

Consequently there is an apparent reversion of the process in the dark, 
but as it depends on the presence of phosphorous acid is not strictly a 
reversible reaction. All three classes of reactions cover the photo- 
chemistry of organic compounds, to which we propose to confine our 
attention. 

It should be stated at the outset that light is capable of influencing 
every kind of chemical change, oxidation and reduction, addition and 
substitution, isomeric change and polymerisation, hydrolytic and 
electrolytic decomposition, precipitation and coagulation, &c. 

1 ZeiU physik. Chem,, 1908, 61, 518. 
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It may be asked, in what respect, if any, does the action of light 
differ from that of heat or other form of energy ? In the first place, 
photochemical changes, especially of the reversible order, are usually 
associated with small energy changes, for the products differ little 
from the original substances in their heats of formation or com- 
bustion. Moreover, photochemical changes have, as a rule, much 
smaller temperature coefficients than ordinary chemical reactions.^ 
Whereas in ordinary chemical reactions a rise of 10° will increase 
the velocity 2 to 8 times or more, the same interval will, as 
a rule, only accelerate a photochemical change from 1 to 1-4 timea 
Dewar found, for example, that a photographic plate is sensitive to 
light at the lowest temperatures so far obtained. Then again, the 
course of photochemical reactions as well as the end products are 
different from those of ordinary chemical reactions. The equilibria 
of reversible photochemical reactions are also different, seeing that 
they only persist by absorption of light energy, whereas ordinary 
equilibria are produced in a closed system, and, finally, the catalysts 
of light reactions are distinct from those which are effective in the 
dark. A fundamental difference must therefore be recognized in the 
nature of light and dark reactions. It is now generally conceded 
that this difference is due to the detachment of electrons under the 
influence of light. The energy of the electron is much greater than that 
produced by heat alone ; for it is clearlyrecognized that it is only at high 
temperatures that heat reactions simulate those of light, a fact which 
also accounts for the small temperature coefficient of light reactions. 

Without entering into the dynamics of these reactions, which are 
treated elsewhere in this volume (Part I, p. 822), we will consider 
a few of the more interesting cases of photochemical change. 



Among the earlier observations connected with the 
effect of light on organic compounds are those which have reference 
to the formation or decomposition of halogen derivatives. The union 
of chlorine and carbon monoxide to form phosgene was first observed 
by Edmund Davy ' in 1812. As change of volume accompanies the 
combination, the course of the reaction is easily followed. 

CO + Clj^COClg 

1 vol. 1 vol. 1 vol. 

Wildermann' investigated the process in 1908 and found that, 
like hydrogen and chlorine, it exhibited an induction period and was 

^ Goldberg, ZnL physik, Chem., 1902, 41, 1. ^ pf^n^ Trana^ 1812, 30, 144» 

* Zea. physik. Chem., 1908, 42, 269. 
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highly sensitiye to impurities. Moisture accelerates and oxygen 
retards' the change. In the same year Dyson and Harden ^ inde- 
pendently arrived at similar conclusions. Weigert' took up the 
problem again in 1907 and found that the gases combine in the dark, 
but at a high temperature, and there is no shifting of the equilibrium 
on exposure to lights which appears to influence equally the velocity 
of both reactions. 

This example may be taken as the first of a series of reactions in 
which the addition of halogens is influenced by light. 

Bauer and Moser found that certain ethylene derivatives, such as 
stilbene and methyl stilbene, o-nitrocinnamic acid and cinnamic 
nitrile, absorb bromine more rapidly when exposed to light than in 
the dark. They also noticed that the heavier the radical attached to 
the unsaturated carbon, the less bromine is taken up. 

The union of benzene and o-xylene with chlorine and bromine in 
sunlight to form the hexachloride and bromide is another example. 
The dynamics of the reaction with benzene has been carefully 
studied by Slator,' who found that the velocity is proportional to 
the square of the concentration of the chlorine. 

Michael* examined the products of bromination of cinnamic and 
allocinnamic esters in the dark and light with interesting results. 
In the light 18 per cent, of the lower melting dibromide of the 
methyl ester was obtained, whereas in the dark the quantity increased 
to 37 per cent. 

Many of theolefines, ethylene, propylene, &c., react with chlorine in 
the dark, but more rapidly in the light.' Acetylene unites slowly with 
chlorine, but only in the light, to form G2H2GI2 ; the absorption then 
proceeds more rapidly, with the formation of acetylene tetrachloride. 

A very interesting observation was made by J. Wislicenus* in 
studjring the geometrical inversion of angelic and tiglic acids (see 
Pb 252). He found that unless bromination of angelic acid is 
conducted in darkness, it undergoes inversion into the bromide of 
tiglic acid, an equilibrium mixture resulting which contains angelic 
and tiglic dibromide in the proportion of 1 : 9. This introduces the 
subject of light as an agent in promoting isomeric change, which will 
be considered presently. 

Substitution. The effect of sunlight in assisting substitution of 
hydrogen by halogens is a very general observation, which in a few 
cases has been carefully examined. 

1 l\xms. Ckem. Soc,, 1908, 83, 201. < j^^n^ a. Physik, 1907, 24, 55. 

> Zeit^physik. Chem,, 190S, 45, 553. * Bor., 1901, 34, 3663. 

• ROinor, Annaien, 1836, 233, 172. « Annalen, 1892, 272, 53. 

PT. U L 
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The paraffins, the aromatic hydrocarbons, and such substances as 
acetic acid, ethyl ether, alcohol, &c., undergo rapid chlorination in 
the light. 

The action of halogens on benzene and toluene has been the subject 
of repeated study, and, although the process has not yet been fully 
explained, a number of important facts have come to light, of -which 
the following is a brief record. 

In the case of benzene, as we have just seen, addition occurs in 
sunlight in the absence of a catalyst ; on the other hand, substitution 
takes place in presence of a catalyst both in the light and dark. It 
has long been known that toluene undergoes substitution either in 
the side-chain or nucleus according to the conditions. Schramm^ 
found that when chlorine or bromine act upon toluene side-chain 
substitution takes place in sunlight at 0^ and at higher temperatures ; 
in diffuse daylight and in the dark a mixture of o- and ^-chloro- and 
bromo-tdluene results, and a similar effect is produced among the 
higher homologues. According to Schramm ' the most active rays 
are not the blue and violet, as one might expect, but the yellow and 
green. Side-chain substitution also takes place in the dark at the 
boiling-point of toluene.' On the other hand, the presence of catalysts 
(metals, metallic chlorides, iodine, &c.) induce nuclear substitution. 
Recent experiments of a quantitative character by HoUeman * and 
Bruner ' have shown that the relative proportion of bromine which 
enters the side-chain is not only increased by light, but in the dark 
is increased by rise of temperature and by dilution of the reacting 
bromine. It appears, moreover, that at the boiling-point of toluene 
(110^) moist chlorine in the dark produces nuclear substitution to the 
extent of nearly 90 per cent., whereas dry chlorine in the light 
increases side-chain substitution, yielding on the average about 
94 per cent of benzyl chloride.' Various explanations have been 
offered of this truly remarkable phenomenon, but it must be confessed 
that nothing definite is known about the mechanism of the process. 
Nor has the complexity of the phenomenon been simplified by 
Bruner's ^ observation that side-chain substitution may continue after 
the light has been withdrawn. The action in this case has been 
traced to the presence of a catalyst, probably an oxidised bromine 
compound which can be destroyed by heat or by the addition of 

1 Ber.y 1885, 18, 850, 606, 1272; 1886, 19, 212. 

2 BuU. Acad. ScierU. Cracow, 1898, p. 61. 

^ Cannizzaro, Compt, rend., 1855, 41, 517. 

* Rec, trav. chim., 1908, 27, 485. 

B BuU. Acad. Scient. Cracow, 1907, p. 698. 

" Cohen, Dawson, Blockey, Woodmansey, Trans. Chem. Soc., 1910, 07, 1623. 

7 Bull. Acad, Scient. Ctacoto, 1910, pp. 516, 560. 
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iodine. In view of this fact it is easily understood that side-chain 
substitution should be promoted by the presence of ozonised oxygen 
in the dark, which may serve as halogen carrier; but it appears 
to contradict the observations of Luther and Goldberg,' who state 
that ordinary photochemical substitution is greatly retarded by the 
presence of oxygen. 

Light can not only cause substitution, but may have the reverse 
effect, and assist in separating the halogen from halogen compounds. 
The discoloration which is so commonly seen when alkyl bromides 
and iodides are exposed to light is due to the separation of bromine 
and iodine. Eastle and Beatty' have investigated the dihalogen 
derivatives of benzenesulphonamide and found that not only do they 
lose halogen when exposed to light, but the chlorine, set free from 
the dichloro compound, can displace bromine and iodine from the 
other' substituted products, such as iodoform, |9-iodobenzoic acid, 
p-dibromobenzene, &c. This replacement, except in the case of easily 
decomposable substances like iodoform, takes place only in the light 
aiid is little influenced by temperature. Chloroform and iodoform 
occupy a special position, since the action of light is largely deter- 
mined by the presence of oxygen, which brings about simultaneous 
separation of halogen and oxidation of the residue. Chloroform 
yields carbonyl chloride, hydrogen chloride, and some free chlorine, 
whilst iodoform behaves similarly, losing iodine and undergoing 
oxidation.' 

Oxidation. The destruction or bleaching of colouring matters in 
presence of air and light is a common example of photochemical 
oxidation. That it is a direct or indirect effect of the action of 
atmospheric oxidation is proved by the fact that certain basic dye- 
stuffs, which have been transformed into their colourless leucobases 
by reduction, exhibit their original colours on exposure to light and 
air. The velocity of the change may be increased by the presence of 
moisture and the addition of certain metallic salts, and the process is 
sufficiently rapid to be applied to colour photography. By making 
a suitable mixture of leucobases and exposing them to the light 
a coloured photograph is produced.^ 

But the dyestuff on further exposure loses its colour and then 
undergoes more fundamental chemical changes. It is a curious fact 
that the dye itself may act as catalyst, as Gros' has shown, and 
assist the oxidation. 

1 Zeii, physik. Chem.y 1906, 56, 48. > Amer. Chan. Jottm., 1897, 19, 189. 

» Hardy and Willcock, Zeit. physik. Chem., 1903, 57, 847. 

« KOnig, ZwL afurjf. Chem,, 1904, 17, 1628. * Znt, physik. Chem., 1901, 87, 157. 

l2 
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Another interesting case of photochemical oxidation is that of 
quinine. It has long been known that it not only fluoresces when 
exposed to ultra-violet rays, but undergoes conversion into quinidine. 
A solution of quinine sulphate exposed to light also reduces chromic 
acid, and, as both solutions absorb light, the question arises as to 
which is the active agent. Recent experiments seem to point to 
quinine rather than to chromic acid, as was first supposed.^ 

An example of an apparently simple oxidation process is furnished 
by oxalic acid, which from its regular action has been utilized as an 
actinometer. On exposure of the aqueous solution to air and light 
it breaks up into carbon dioxide and water. The process is not 
quite as simple as it might appear, for Richardson' noticed the 
formation of hydrogen peroxide, which, in presence of excess of 
oxygen, is derived from the oxalic acid and in turn becomes the 
active oxidising agent. 

CJlfi^ + 02= 2CO2 + HA . 

The change is produced by light of short wave length and is 
accelerated by metallic salts, whereas red light is without action. 

Many other organic compounds, formaldehyde, acetaldehyde, benz- 
aldehyde, amyl alcohol, ether, turpentine oil, &c., undergo oxidation 
in the light, especially in violet light, more slowly in yellow and 
green, and most slowly in the dark. These reactions are frequently 
associated with the formation of hydrogen peroxide. 

Polymerisation. A very common effect of light is to produce 
polymerisation of the organic compound, and many examples might 
be quoted. Ethylene and cyanogen undergo polymerisation in 
ultra-violet light, as Berthelot and Gaudechon have shown.' In 
ordinary light acetylene yields benzene, bromacetylene gives tri- 
bromobenzene, stilbene C14H12 forms parastilbene C28H24 , cinnamic 
and allocinnamic acids yield a- and /9-truxillic acid, and many cinn- 
amylidene compounds, such as cinnamylidene acetophenone and 
cyanocinnamylidene acetic acid, give cyclobutane derivativea 

CflH5.CH.CH.COOH CflHfi.CH:CH.CH.CH.CflH5 

II II 

HOOC . CH . CH . CcHs CflHg . CH . CH . CH : CH . CeHs 

Truxillic acid. Bioinnamylidene acetophenone. 

The subject has been studied by Reimer,* Stobbe and Rucker,^ 
Macleod,* and Riiber.^ 

1 Goldberg, Zeitphysik. Chem., 1902, 41, 9. 

2 ZeiL phyaik. Ch8m,f 1894, 15, 505. ' CompL rend., 1910, 160, 1168. 
* Amer, Chem. Joum,, 1911, 46, 417. ^ Bar,, 1911, 44, 869. 

« Amer. Chem, Jot4m., 1910, 44, 381. ^ £er., 1902, 36, 2908 ; 1913, 46, 335. 
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Harries has examined other unsaturated compounds, such as divinyl 
CHj : CH . CH : CHg and isoprene CHg : CCCHg) . CH : CHg, and finds 
that under the action of light at low temperatures they polymerise, 
forming eight-carbon ring complexes, but at high temperatures 
derivatives of cyclohexene are produced. Divinyl, under these 
conditions, may give either of the following compounds : 

CHg CH 
CHa . CH : CH . CH^ ^^^ . (. jj CH<(^"^ Vh 

CH2 • CH : CH • CH2 CH2 CH2 

Cyolo-octadiene. Yinylcyclohexene. 

The most interesting example of polymerisation produced by light 
is that of anthracene, which in certain solvents, especially in boiling 
anisole, phenetole, and xylene, is very sensitive to light and is partially 
converted into the insoluble dimeric form of dianthracene. The 
latter is insoluble, and its presence is readily seen by the liquid 
becoming cloudy. The change has been carefully examined by 
Luther and Weigert,^ who found that the reaction is reversible and 
in the course of six to eight hours remains stationary. When the 
light is shut off the solution becomes clear and the dianthracene 
passes completely into the unimolecular form. One of the main 
results of this interesting investigation is the proof that the velocity 
of the change is directly proportional to the absorbed energy, whereas 
most reversible chemical changes follow the mass law. 

Isomeric Change. The earliest observations on the action of 
light in inducing isomeric change are those of Wisliceuus,' who 
noticed the conversion of maleic acid into fumaric acid in presence 
of bromine or iodine, and of Fittig,' who found that when citraconic 
acid is dissolved in ether and chloroform and a few drops of bromine 
added, exposure to sunlight will cause a rapid precipitation of crystals 
of mesaconic acid. Many simOar changes have since been observed, 
and the following may be briefly enumerated. Sudborough and 
Thompson^ found that both ot- and ^-bromallocinnamic acids and 
their barium salts are partially transformed into the trans modification 
under the influence of sunlight. Liebermann discovered the trans- 
formation of alloclnnamylidene acetic acid into the isomeric form. 
Giamician and Silber and Biiber and Schetely ^ showed that maleic 
passes into fumaric acid without a catalyst. Stoermer ^ found that 

1 Z$U,phys%k, Chem., 1905, 61, 297, 827 ; 1906, 58, 885 ; Ber., 1909, 42, 850. 
' BflT., 1896, 29, 1080 ; see also L. Braner, BxiU. Acad, Scient Cracow. 
s Atmaleny 1877, 188, 78. * Trans. Ckem. Soc, 1908, 83, 685, 1166. 

B ZeiL phymk. Chwn., 1904, 48, 845. " Annalen, 1905, 842, 1. 
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the short ultra-violet rays of the mercury vapour (uviol) lamp brought 
about the conversion of a series of high-melting and stable ethylene 
derivatives into their low-melting and labile isomers. The earlier 
experiments were made with diphenylethylene (CoH5)2C : CH^ and its 
derivatives : 

C(< jiij • C • R ^c^6 • C • R 



JL.C.Ii xi.C«2L 

in which R = o- and jp- CflH^OCHg , CeH^OH, CeH^Br, CiyH^ ; 
X = CI, Br. 

Similar results were afterwards obtained with other geometrical 
isomers, the change being as a rule from the stable to the labile 
compound.^ For example, the high-melting methylcoumaric acid, 
its amide, acetylcoumaric acid, and nitrocoumaric ester give the low- 
melting isomer. Cinnamic acid, p-methozycinnamic acid and its amide, 
)S-phenyl-)9-anisylacrylic acid, its ester and amide were all transformed 
into the corresponding alio compounds. The reactions are mainly 
reversible, and the reverse process may be induced in some cases by 
exposure to ordinary light, in others by the addition of bromine. They 
thus furnish interesting examples of photochemical increase of energy 
with the production of a labile system. The transformation appears 
so general that Stoermer has suggested its use in discovering whether 
isomers are stereochemically related. 

A different type of stereoisomeric change has been recorded by 
Ciamician and Silber. They found that solutions of the three 
isomeric anti-nitrobenzaldoximes in benzene are converted, when 
exposed to light, into the more stable syn compounds. Ciusa* 
observed the opposite change with tribromodiazobenzene cyanide, in 
which the syn was transformed into the anti compound in the light 
and a reversal of the process took place in the dark. This does not 
necessarily contradict the previous observations, seeing that the 
stability of the diazo cyanides, as Hantzsch has shown (see 
p. 299), is greatly modified by the introduction of halogens into the 
nucleus. 

We will conclude with the following examples of ordinary photo- 
isomeric change : o-nitrobenzaldehyde dissolved in indififerent solvents 
passes into o-nitrosobenzoic acid,' 

NOj . CeH^ . CHO -^ NO . C6H4 . COOH, 

' B6r., 1909, 42, 4865; 1911, 44, 637. 

* AtH R. Accad. Linad, 1907, 15, ii, 186. 

' Bamberger and Elger, AnnaUtn, 1910, 371, 319. 
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and o-nitrobenzylidene aniline into o-nitrosobenzanilide,^ 

NOa . CeH.CH : NC^Hg -> NO . CgH.CO . NHCeHg 

Generally a nitro group in the ortbo position to a GH group loses an 
atom of oxygen, which then attaches itself to the side- chain. 

IMaBO-compounds. That diazo-compounds are sensitive to light 
is well known to those who have attempted to prepare diazonium 
salts in bright sunlight. The phenomenon has received certain 
technical applications. 

Peer found that diazo-sulphonates mixed with sodium phenate or 
an aromatic amino-compound yield the azo colour on exposure to 
light, and has utilised the reaction for photographic copying (Feer*s 
diazotype process). Green, Gross, and Bevan ' found that the diazo* 
compound from primulin is decomposed in the light and no longer 
produces azo dyes with phenols. Patterns or photographs may thus 
be produced by shading a portion of the material, or exposing it 
through a photographic negative. 

Diazocarbazol, diazonaphthalene,' and many other diazo-com- 
pounds* are sensitive to light and undergo decomposition in the 
same way. 

Phototropini. This term has been applied to reversible isomeric 
changes in solid substances produced by light and accompanied by 
change of colour. One of the earliest examples of this special kind 
of photochemical transformation is the change of benzaldehyde 
phenylhydrazone from yellow to red. Ghattaway' explained the 
process by isomeric change from the hydrazone to the azo-com- 
pound. 

GeHfiNH . N : GH . GflHg -> GeH^N : N . GH, . GeH^ 

The /3-naphthylhydrazone8 are also phototropic, but none of the <x 
series. Many other examples of the same thing have been observed by 
Padoa and Graziani,' who contributed the additional observation that 
the rate of conversion is greatly increased by the addition of an 
isomorphous substance which is not itself phototropic. For example, 
anisaldehyde phenylhydrazone with one per cent of anisylidene 

^ Sachs and Kempf, Ber., 1902, 86, 2704 ; 1901, 37, 8425. 

> Oimn. JVmm, 1890, 62, 680. 

> Run; Stein, Ber.^ 1901, 84, 1668. 

< iVoe. Chem, Soe,, 1905, 21, 168, 296. 

> Trans, Chem. Soc., 1906, 89, 462 ; see also Baly and Tuck, Trcms, OKem, Soe., 
1906, 80, 982. 

• Alti R. Aecad. Lincei, 1909, 18, ii 269, 676 ; 1910, 19, ii. 190, 198, 302. 
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benzylamine is more rapidly and intensely coloured than the pure 
substance. 
Senier and Shepheard ^ found that salicylidene m-toluidine 

HO . CeH^CH : NCflH^CHs 

and several similar compounds change from yellow to orange on 
exposure to light, the violet T&y^ being most activa A reversal 
takes place in the dark, but replacement of hydroxyl by methoxyl 
destroys the phototropic effect entirely. 

One of the most interesting examples of phototropism is furnished 
by the fulgides of Stobbe.' Triphenylfulgide is orange-red, but, on 

(C6H5)aC=C-CO 

>0 



> 



(C«Hg)HC=C— CO 

Triphenylfulgide. 

exposure to light, changes to brown ; placed in the dark it resumes its 
original colour. The change only appears in the substance when in the 
solid state and is apparently reversible. Frequent repetition, however, 
produces less and less effect, until ultimately a new light yellow 
product is formed ; in other words, the first reaction is accompanied 
by a second non-reversible change. The effect is also dependent on the 
nature of the light, for blue rays promote the transformation, whereas 
orange and red light produce the reverse effect. Stobbe has followed 
the changes by means of the spectrograph by exposing the substances, 
smeared over glass surfaces, to different parts of the spectrum. He 
concludes that there are two substances, an orange compound A which 
is sensitive to blue and violet light, and a brown compound B which 
is affected by yellow and red, and they are interconvertible. A is 
only stable in the dark, B in blue and violet light, and all other 
shades observed are mixtures of these two. The change from A to 
B, which is characteristic of many phototropic reactions, may be 
represented graphically in the following way : 

short waves 



long waves 

The result confirms in an interesting manner the law of Grotthus 
(p. 142) that only those rays are active which are absorbed. This 
view of Stobbe accords also well with that of Luther ' on the action 

> Trans, Chem. Soc., 1909, 95, 441, 1943 ; 1914, 105, 2462 ; 1915, 107, 452. 
' AnnaUHy 1908, 359, 1 ; B«r., 1913, 46, 1226. 

' ZeiL phyaik. Chem., 1899, 80, 628 ; see also Schlenk and Herzenstein, Ber., 
1910, 43, 8545, and Weigert and Krtlger, Zeit pkysik, Chan., 1913, 85, 579. 
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of light on silver chloride and anthracene, both of which represent 
equilibria depending on wave length and light intensity. 

light light 

2AgCl < ^ AgjCl + d, Anthracene ^ ^ Dianthraceno 
dark dark 

Similar phototropic changes have been recorded by Harckwald in 
the case of the yellow hydrochloride of quinoquinoline, which changes 
to green in light and reverts to the original colour in the dark, in 
that of tetrachloroketonaphthalene, which is colourless in the dark 
and reddish violet in the light, of benzilosazone, which changes from 
yellow to red, of benzaldehydephenylhydrazone, which passes from 
pale yellow to yellowish green, &c 

Light increases the energy of the system, which in the dark it 
loses again. Plotnikow compares it to a fountain, the waste water 
from which, if continually pumped back again, will represent the light 
energy absorbed. It affords a parallel with phosphorescence, which 
may be expressed in a similar way, light being absorbed and phos- 
phorescence emitted. 

A + light -♦ B 

B — ^ A + phosphorescence. 

Photocheniioal Decomposition and Sjrntlieflis. Our knowledge 
of photochemical decompositions and sjrntheses is mainly due to 
the researches of Ciamician and Silber,^ who have examined with 
remarkable results the behaviour of a variety of single organic 
compounds, as well as mixtures of them, on exposure in closed 
vessels to the influence of light. The reactions are, as a rulp, highly 
complex, and a number of different substances are formed which are 
rarely produced by ordinary chemical methods. 

We shall limit ourselves to naming the principal products obtained 
in some of these reactions, but before describing them two gas 
reactions of great interest must be referred to ; the first is the con- 
version of carbon monoxide and oxygen under the influence of ultra* 
violet rays into carbon dioxide and ozone,' and the second that of 
carbon monoxide and hydrogen, which yield under similar conditions 
formaldehyde.' The latter reaction especially has a direct bearing 
on vegetable assimilation. 

Aqueous acetone is stable under ordinary conditions, but breaks 
upon exposure to light into methane and acetic acid. 

^ G. Ciamician, iSoc. CAtm. de France^ June S, 1908. 

* Chapman, Chad wick, and Ramsbottoni, TVatu., 1907, 01, 942. 

* Berthelot and Gaudeohon, Compt, rmd,, 1910, 150, 1690. 
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This is a very general type of reaction where oxygen is excluded^ 
the one molecule becoming oxidised or reduced at the expense of the 
other. 

Aldehydes and ketones in alcohol are usually reduced and the 
alcohol oxidised. Thus, polyhydric alcohols yield corresponding 
sugars, glycerol gives dihydroxyacetone, erythritol forms erythrose, 
mannitoly mannose, and dulcitol, galactose. 

Benzaldehyde forms hydrobenzoin, and benzoin also yields hydro- 
benzoin. Quinone forms quinol/ benzo- and aceto-phenone form 
pinacones. Pinacoline breaks up into acetaldehyde and butylene, 

(CH3)3CO . CH3 = CH3CHO + CH3 . CH2 . CH : CH2 

in which case the decomposition takes place in two directions. 

A similar result was obtained with cyclic ketones, such as cyclo- 
hexanone and menthone. In the former case hexoic acid and an 
unsaturated aldehyde CHg : CH . CHj . CHg . CH, . CHO were ob- 
tained, and in the latter decylic acid and a hexene aldehyde, identical 
with either citronellal or rhodinal (vol. i, p. 524). 

Many organic compounds undergo condensation. Acetone and 
methyl alcohol unite and form isobutylene glycoL 

CH3 . CO : CH3 + CH3OH = CH3V 

>C(OH) . CH2OH 
CH3/ 

Quinone and benzaldehyde give j)-dihydroxybenzophenone ; phen- 
anthraquinone and aldehyde give acetylphenanthraquinone. 

CeH^ . CO . COCH3 



CflH^ . C(OH) 

Acetylphenanthraquinone. 

The latter reaction represents a general type ' and may be formu- 
lated thus : 

CO.CO + CHOR' = C=C 



OH OCOR' 

The action of benzaldehyde on nitrobenzene takes place in the first 
instance by the oxidation of the aldehyde and reduction of the 
nitrobenzene ; but other reactions occur simultaneously, and the 
result is a mixture of a variety of products among which mono- and 

^ Klinger, Annalen, 1888, 240, 137. ' ^^^^ 1911^ 44^ 128O, 1S64. 
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di-benzoylphenylhydroxylamine, mono- and di-benzoyl-f^aminophenol, 
azoxybenzene, and hydroxyazobenzene have been isolated,^ This 
furnishes a good example of the complexity of some of these reactions. 
Mention should also be made of the action of hydrocyanic acid on 
aldehydes and ketones, which is interesting from the point of view 
of plant assimilation. Acetone and hydrocyanic acid give ammo- 
nium oxalate and acetonyl urea, a-aminoisobutyric acid and probably 
a-hydroxyisobutyramide ; acetaldehyde has little action, and benzal- 
dehyde has none. The presence of metallic salts (iron and uranium) 
often accelerate these processes, and many interesting cases of the 
kind have been recorded.* 

Assimilation of Carbon Dioxide by Plants. The photochemical 
change produced during the assimilation of carbon dioxide is not 
only one of fundamental importance for vegetable life, but indirectly 
also for animal existence, for it is during this process that the 
principal animal foodstuffs, the carbohydrates, are manufactured. In 
1771 Joseph Priestley' discovered the action of growing vegetation 
on impure air (that is, air which had been vitiated by breathing 
or combustion) in restoring it to its original purity. He writes, 
' I have been so happy as by accident to have hit upon a method of 
restoring air which has been injured by the burning of candles and 
to have discovered at least one of the restoratives which Nature 
employs for this purpose. It is vegetation.' Later, when ' dephlo- 
gisticated air' or oxygen was discovered, Priestley was able to 
identify it with the gas evolved from the surface of the growing 
plant But his experiments in this direction were not always 
successful, and frequently the air was worse instead of better. It 
was only after Ingenhousz * had investigated the subject in 1779 that 
the essential part played by sunlight was clearly established. ' I was 
not long engaged in this enquiry ', says Ingenhousz, * before I saw 
a most important scene open to my view ; I observed that plants not 
only have a faculty to correct bad air in six or ten days by growing 
in it, as the experiments of Dr. Priestley indicate, but that they 
perform this important office in a compleat manner in a few hours, 
that this wonderful operation is by no means owing to the vegetation 
of the plant ; but to the influence of the sun upon the plant.' 

1 Ber., 1905, 88, 1176, 1671. 

s Neuberg, Biochun, Zeit,, 1908, 27, 271 ; 1910, 20, 279 ; Benrath, J. prakt. Chem., 
1907, 73, 888; ZHL phusik, Oem., 1910, 74, 115 ; Prfttorius and Korn., Ber., 1910, 
48, 2744. 

' Experiments and ObservoHons, by J. Priestley, vol. i, p. 86. 

* Experiments on VegelahUsy by J. Ingenhousz, London, 1779. 
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This was followed by the observation of the concurrent formation 
of starch by de Saussure, and of the necessary presence of chlorophyll 
by Engelmann. 

It is only in comparatively recent times that the numerous problems 
suggested by the above experimenia have been systematically 
pursued. Among the most important of these problems is the one 
having reference to the nature of the chemical changes whereby the 
carbon dioxide is converted into starch, for this process represents 
a reaction, or more probably a series of reactions, which chemists have 
so far failed to reproduce artificially. Other questions which present 
themselves are the proportion of carbon dioxide absorbed to the 
oxygen evolved ; the relation of the rate of absorption of carbon 
dioxide to the quantity present in the air and to the temperature ; 
the kind of light which is photochemically most active and its relation 
to that absorbed by the chlorophyll ; the proportion of the solar 
energy utilised ; the chemical nature of chlorophyll, and the changes, 
if any, which the latter undergoes during assimilation, and so forth. 
Hany of these questions have been answered more or less completely. 
Draper examined the effect on assimilation of the different parts of 
the visible spectrum and found the maximum activity to lie in the 
yellow-green region. Timiriazew found in 1869 that the amount of 
carbon dioxide decomposed was directly related to the absorption, and 
was greatest in the orange, where the absorption was greatest. By 
the aid of a more delicate method, depending on the growth of certain 
bacteria in the oxygen evolved during assimilation, Engelmann was 
not only able to locate accurately the position of the actinic rays, but 
succeeded in proving, as Timiriazew had previously done, that the 
maximum activity runs parallel with the kind of light absorbed by 
the chlorophyll, and that a maximum is reached in the red region 
between the Fraunhofer lines B and C7, a second maximum in the 
blue at Ff and a minimum in the green at E. In thicker layei*8, 
when the absorption is nearly complete the maximum is shifted, as 
Draper found, towards the yellow-green region. Many observers 
have estimated the rate of carbon dioxide absorption under different 
conditions and found it to increase with the partial pressure of the 
carbon dioxide, as well as with the temperature, imtil a maximum is 
reached. In this connection the observations of H. T. Brown ^ are 
of special interest. He was able to show that, with increase in the 
partial pressure of the carbon dioxide in the surrounding air, the 
rate of assimilation increased from the normal amount up to five or 
six times the quantity. 

^ Proc Roy. Soe., 1905, 76 B, 29. 
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The variation in the rate of assimilation with the temperature has 
been examined by various experimenters. Miss Matthaei ^ found that, 
corresponding to each temperature, there is a certain definite amount 
of assimilation, which is termed maximum (issimilatian for tliat tem- 
perature, provided light and carbon dioxide are supplied in sufficient 
quantity. This maximum increases rapidly with rise of temperature, 
but at high temperatures an individual ^eaf can only maintain its 
maximum for a short time : the higher the temperature the sooner 
the decline in the rate of assimilation. The results were obtained 
by estimating the assimilation from the amount of carbon dioxide 
absorbed in unit time by unit leaf surface. Similar results are 
recorded by Kanitz.' He gives the following figures for the assimila- 
tion at different temperatures, results which concord well with van 't 
HofTs rule, that a reaction velocity is doubled with a rise of 10*^ in 
temperature. 

Temp, mg. CO, absorbed. Coefficient of temp, per l(f. 

0*» 1-75 — 

10*» 4-2 2.4 

20° 8-9 212 

80° 15-7 1-76 

87° 23-8 1-81 

The amount of light energy utilised by the leaf has been measured 
oy Pfefifer by estimating the amount of starch produced in 1 sq. cm. 
of leaf surface per second of exposm'e and comparing the heat of 
combustion of the starch with the calorific effect of radiation on the 
same surface. According to his results only 0*6 per cent, of the 
total energy was absorbed, but, as the method is affected by certain 
serious errors, no great reliance can be placed upon the result. A 
very different result was obtained by H. T. Brown," who, in place of 
measuring the total solar energy falling on the leaf, estimated only 
that which was absorbed by the chlorophyll and was consequently 
photochemically and otherwise active. The amount of solar radiation 
taken up by the leaf was determined by means of a Callendar radio- 
meter before and after transmission through the lea£ The energy 
thus absorbed was found to vary in different leaves between 64 and 
77 per cent. Omitting the temperature changes in the leaf, which 
are negligible, he found that the absorbed energy Ea is divided 
between the amount used in vaporisation of water W, that in photo- 
synthesis w, and a quantity r due to radiation from the leaf surface, 
which may be positive or negative according to the thermal conditions 

1 Phil. Trans., 1906, 197 B, 85. > Zeitf. EfeMrochemie, 1905, U, 689. 

» Fkil. Trans.f 1900, 193 B, 223; Proc, Roy. Soc, 1905, 76 B, 29. 
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existing between the leaf and its enyironment. When thermal 
equilibrium is established the balance between solar radiation received 
and expended is given by the equation 

Three of these factors, 7?a, TT, and w per unit area of leaf surface in 
unit time, can be ascertained. Ba was found in the manner described 
above ; W was determined from the weight of water lost by the leaf 
multiplied by the latent heat of water-vapour : w was estimated from 
the amount of carbon dioxide absorbed calculated as hexose and 
having a heat of combustion of 3760 cals. 

The following is the record of an experiment : 

Ba flolar energy absorbed .... 0'1762 cals. 

W 0-000209 grm. water x 592-6 cals. 0-1248 

to 0000865 C.C. CO, X 5-02 cals. 00017 01260 „ 

r by difference 0-0502 „ 



01762 



»> 



In this case |^^ x 100 = 70 per cent of the absorbed solar energy 
was utilised by the leaf. 

The actual rate of photosynthesis remains constant for wide limits 
of insolation, due to the fact that the special rays which produce 
photosynthesis are present in solar radiation of even moderate in- 
tensity far in excess of the demands of assimilatory centres for dealing 
with carbon dioxide which reaches them by diffusion. The proof 
of this is afforded, in the first place, by the enhanced assimilatory 
effect which is produced by increasing the partial pressure of the 
carbon dioxide in the air round the leaf, and secondly, by the fact that 
the intensity of ordinary summer daylight can be reduced to a very 
considerable extent by using revolving radial sectors placed in front 
of the leaf without affecting the rate of photosynthesis. 

But the subject of chief interest to the chemist is the various 
phases which the carbon dioxide undergoes in its conversion into 
carbohydrate. 

Baeyer^ was the first to suggest that the carbon dioxide underwent 
reduction and that the first product of the assimilation process was 
formaldehyde. Supposing formaldehyde to be produced, its con- 
veraion into carbohydrate may be readily explained on the ground 
of its well-known propei-ty of polymerising and yielding fructose 
(Part III, p. 19). But, on the other hand, formaldehyde acts as 
a powerful poison on vegetation, and it is clear that if produced it 
must be formed under conditions which would render it innocuous. 

* Ber., 1870, 3, 66. 
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The first definite indication that formaldehyde can yield starch on 
assimilation was obtained by Bokomy.^ Using the sodium bisulphite 
compound of formaldehyde which is non-poisonous, he found that, 
on immersing the green filaments of Spirogyra in a weak solution 
(Ol to 1 per cent.) of the bisulphite compound, starch is produced. 
Later Bouilhac and Tr^boux* found that in very dilute solutions of 
formaldehyde, plants would remain alive and form starch. 

The observations of Berthelot and Gaudechon ' that carbon dioxide 
in presence of hydrogen, or water in presence of carbon monoxide, 
when exposed to ultra-violet light, yield formaldehyde ; of Loeb ^ on 
the decomposition of carbon dioxide in presence of water by the 
silent electric discharge, are interesting, but have at present no very 
direct bearing on the photosynthetic process. The same may be 
said of Fenton's reduction of carbon dioxide to formaldehyde by 
amalgamated magnesium,' and of Usher and Priestley's ' observation 
on the formation of formaldehyde by the action of rays firom radium 
emanation and the quartz-mercury lamp on a solution of carbon dioxide 
in water, and of a similar observation of Stocklasa on the production 
of formaldehyde by radium acting on a mixture of hydrogen and 
carbon dioxide.^ 

A more interesting statement is that made by Bach," that, by 
passing carbon dioxide through a 1-5 per cent, solution of uranium 
acetate in sunlight, formaldehyde and uranium peroxide are formed. 
Here the uranium salt, having an absorption spectrum similar to 
that of chlorophyll, may act as sensitizer in the manner of chloro- 
phyll and bring about the decomposition of the water, the hydrogen 
reducing the carbon dioxide to formaldehyde and the oxygen causing 
the oxidation of the uranium salt, possibly through the intermediate 
formation of hydrogen peroxide. Although doubt has since been 
thrown on the correctness of this observation," it led Usher and 
Priestley ^^ to take a similar view of the action of the chlorophyll in 
producing, in presence of light, double decomposition between the 
carbon dioxide and the water, yielding formaldehyde and hydrogen 
peroxide. COj, + 2H^0 = CHgO + Ufl^ + O. 

More recently Moore '^ has obtained formaldehyde by passing 
carbon dioxide into colloidal solutions of uranium and ferric oxides in 
presence of bright sunlight or the ' uviol ' lamp. Formaldehyde has 
now been detected in the growing plant by Schryver," Curtius and 

» Bar., 1891, 24, 108. • JTora, 1908, p. 78. 

» CompK rend., 1910, 150, 1890. < Zeit. f. Elektrochemie, 1905, 11, 749. 

» Trans. Chem.Soc., 1907, 01, 687. • Proc. Roy. Soc.. 1911, 84 B, 101. 

^ Oompt. rend., 1918, 156, 646. ^ Compt. rend., 1898, 116, 1145. 

• Euler, JBcr., 1904 87, 8416. " Proc. Roy. Soc., 1906, 77 B, 869 ; 78 B. 818. 
^* Proc Roy, Sog., 1918, 87 B. 168. ^> Proe. Roy. Soc, 1910, 82 B, 226. 



160 COLOUR AND STRUCTURE 

Franzen,^ and others, and although its presence may not necessarily 
indicate that it is formed by the reduction of carbon dioxide, it is at 
least an interesting and suggestive observation. 

Other problems of interest connected with the subject of carbon 
dioxide assimilation are the nature of formaldehyde condensation 
and the chemical structure of chlorophyll. The stages in the process 
which ultimately lead to the appearance of starch in the leaf take 
place with enormous rapidity, and it has been estimated that starch 
grains may be detected within two minutes of the exposure of the 
leaf to sunlight. 

According to Brown and Morris' the first product of assimilation 
is cane-sugar, which then breaks up into glucose and fructose, the 
former undergoing synthesis to maltose and starch, which is stored 
up in the leaf or transferred as glucose to other parts of the plant. 
Other observers have adopted the view that glucose or maltose are 
first formed. Whichever carbohydrate first makes its appearance, 
it would seem that the condensation of formaldehyde takes place 
in contact with some active material, probably chlorophyll, in order 
that an asymmetric synthesis may be accomplished, seeing that the 
sugars and starch are optically active ; but of the actual mechanism 
of the process we are at present profoundly ignorant. The study 
of the structure of chlorophyll, although an extraordinarily complex 
problem, is one which can be conducted independently of the life 
process and involves merely the methods and appliances of the 
laboratory. The work, which is now gradually approaching finality, 
has been carried out with remarkable skUl and patience by a number 
of workers among whom the names of Schunck, Marchlewski, and 
Willst&tter stand out most prominently. 

It would be beyond the scope of the present chapter to give in detail 
the methods by which this intricate problem has been attacked and 
the various cleavage products obtained and examined. The subject 
is discussed in Part III, p. 172. It must suffice to state that one of 
its final cleavage products is haemopyrrole CgHj^N, which is almost 
certainly a dimethyl ethyl pyrrole. A fact of even greater interest 
is the existence of the same substance among the decomposition 
products of haemoglobin or red colouring-matter of the blood« 

Refebences. 
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Lehrbuch der Photochemief by A. Benrath. Winter, Heidelberg, 1912* 
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CHAPTER m 

ISOMERISM AND STEREOISOMERISM 

SifltoricaL It is scarcely a matter of surprise that^ in the early 
history of the science, inorganic chemistry, the older and more highly 
developed branch, should have bequeathed to organic chemistry its 
formulas and doctrines. Every inorganic substance had, or was 
assumed to have, its own distinctive composition, and the principle 
was tacitly applied to organic compounds. 

That two substances might have the same composition and yet 
possess different properties was first clearly recognized by Faraday. 
It appears that in 1820 Dalton obtained (by the distillation of certain 
fiitty oils) a hydrocarbon which combined with chlorine like olefiant 
gas, and he drew the shrewd conclusion that 'most probably the 
atom of the new gas consists of two of olefiant gas '. This suggestion 
was afterwards confirmed by Faraday, who in 1825 undertook an 
investigation into the nature of the oil gas, which was being manu- 
factured by the Portable Gas Company compressed into metal vessels 
and distributed among consumers. This compressed gas contained 
a considerable quantity of a liquid of low boiling-point, from which 
Faraday isolated a hydrocarbon which had the same composition as 
olefiant gas but twice its density. It was on the same memorable 
occasion that benzene was discovered. Of the former hydrocarbon 
Faraday wrote : ' In reference to the existence of bodies composed of 
the same elements and in the same proportion, but differing in their 
qualities, it may be observed that now we are taught to look for them 
they will probably multiply.' 

He pointed out the existence of a similar example in the case of 
the fulminates of Liebig and the cyanates and cyanurates of Wohler. 

In 1828 Wchler obtained urea which possessed the same compo- 
sition as ammonium cyanate but different properties. The exis- 
tence of substances of this character aroused a lively interest; 
for Berzelius, in his Jahresberickt for 1829, after describing the 
artificial preparation of urea, proceeds i * This fact opens the door to 
clearer views and indicates that the number of simple atoms may be 
distributed in the compound in various ways, and thereby give rise 

FT. II M 
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to compounds with dififerent properties, as we have already begun to 
discover in other cases.' 

Two years later Eerzelius, in stud3ring an acid which had been 
found in the mother liquors from the manufacture of tartaric acid by 
Eastner, a manufacturer of Thann,* showed that it possessed the 
same composition as tartaric acid, but different properties, and named 
it racemic acid {Trafibens&ure). It is an interesting fact that, although 
Berzelius at first accepted the principle of isomerism with the greatest 
reserve, he should himself have been the discoverer of that notable 
example which was in later years to give rise to the modern concep- 
tion of stereoisomerism, or the different arrangement of atoms in 
space. 

In reference to his discovery of racemic acid in the Jdkreshmchi 
for 1881, Berzelius writes : ^ The absolute identity in composition of 
two compounds possessing different properties has now been positively 
established by the analysis of racemic acid, an acid of organic origin. 
This acid has the same composition, contains the same elements in 
the same atomic proportion, and possesses the same saturation 
capacity as tartaric acid.' He proceeds to explain it by a different 
arrangement of the atoms, and points out that Mitscherlich's dis- 
covery of isomorphism must undergo a further extension ; for as 
isomorphous bodies consist of different atoms similarly arranged in 
the crystalline state, so the same atoms may be grouped in such 
a way as to produce different crystalline substances, which is the 
case with tartaric and racemic acid. In order to distinguish these 
substances he proposes to use the word 'isomeric', from Woyu^prfSy 
composed of equal parts. In the following year ' he added the terms 
pdymerism (ttoXvs, several) to indicate compounds possessing the same 
proportion but a different total number of atoms, and metamerism 
{jjierdf used in the sense of metamorphosis) to denote isomeric com- 
pounds so nearly related that they can undergo reciprocal conversion 
like cyanic and cyanuric acid. 

Thus the principle of isomerism became an established fact in 
organic chemistry, and, as Faraday had foretold, examples soon began 
to multiply. 

Isomorisiii of the Paraffins. One case of isomerism long and 
strenuously upheld was opposed to the new system laid down by 

* Raoemic acid had been previously examined by Gay-Lussac without definite 
results. Kastner never succeeded in reproducing this add. The story of 
Pasteur's pilgrimage in 1862 in the search for the source of the acid is one of the 
veritable romances of chemistry : Vie de Pa8t»w, p. 70, by Vallery-Badot. 

* Jahresb., 1882, IS, 63. 
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Kekule, and was eventually shown to rest on insecure experimental 
data. This was the two series of hydrocarbons known as the free 
alcohol radicals and their hydrides. 

Reference has already been made to the experiments instituted 
by Frankland and Kolbe to isolate the radicals. It was there 
stated that by the action, first of potassium on the cyanide, and later 
of zinc on tlie iodide of the radical, the radical itself was set free. 
Prom methyl iodide, methyl {CH3) was supposed to be liberated, and 
from ethyl iodide, the radical ethyl (CgHo). Subsequently by the 
action of zinc and water on ethyl iodide Frankland obtained a hydro- 
carbon, which he called ethyl hydride CgHg . H. The formulae given 
to the hydrocarbon radicals, methyl (CH3), ethyl (CaHg), &c., were 
contrary to the law of even numbers of Gerhardt and Laurent, 
who doubled them* Many other chemists, notably Hofmann, 
Brodie, and Kopp, took the same view, pointing out that the 
physical properties — vapour density, boiling-point, and molecular 
volume — demanded the double formula. This was subsequently 
conceded, and methyl appeared as (0113)2, ^thyl as (02115)2. But the 
question was then raised as to the identity of methyl with ethyl 
hydride. Frankland maintained that they were isomeric, an opinion 
which he based on the behaviour of the two hydrocarbons towards 
chlorine. He alleged that by the action of two volumes of chlorine 
on one volume of the hydrocarbons a gas was obtained from methyl 
without change of volume, according to the equation 

2CH3 + 2CI2 = 2CH2OI + 2H01; 

but in the case of ethyl hydride two volumes of hydrochloric acid 
were formed, and at the same time a liquid was produced which 
probably had the formula 02H4012* These statements were afterwards 
contested by Schorlemmer^ (1867), who by a careful repetition of 
Frankland's experiments and by his own original investigations 
demonstrated the incorrectness of Frankland's results. He showed 
conclusively that both hydrocarbons yield the same products, ethyl 
chloride and ethyl alcohol, and at the same time established the 
identity of other chlorides and alcohols, obtained from the natural 
paraffins, with those prepared from the synthetic hydrocarbons, which 
he obtained by the action of sodium on the iodides of the radicals. 

Isomerism of the Lactic Acids. A special interest centres 
round the constitution of lactic acid which represents an early 
example of isomerism. It was discovered in 1780 by Scheele in 

^ Proc Roy. Soc, 1864, 18, 225 et seq. ; Tram. Chem. Soc^ 1864, 17, 262. 
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sour milk. In 1807 Berzelius isolated a lactic acid from the juice 
of flesh, without however having a clear conception of its nature.^ 
It was not until Liebig and Mitscherlich reinvestigated the subject 
in 1832 that the individuality of the sour milk acid was definitely 
established. In 1847 Liebig ' further drew attention to the character 
of the salts, notably the zinc and calcium salts of the acid from the 
juice of flesh, which he considered to be identical with the sour 
milk acid, until Engelhardt,' in the following year, pointed out the 
difference between them. 

The theme was by no means exhausted, for between the years 
1858 and 1860 the basicity of lactic acid became the object of a lively 
controversy. Although Liebig had determined the formula to be 
G3H0O3, Gerhardt regarded the acid as dibasic and the formula was 
doubled. Strecker's synthesis of alanine from aldehyde and the con- 
version of the former into lactic acid led to the re-adoption of the 
older formula. The correctness of this view was subsequently 
confirmed by Wurtz, \v:ho prepared the acid by the oxidation of 
propylene glycol.* Kolbe and Wurtz were, however, divided on the 
question of its basicity. Wurtz held it to be dibasic by reason of 
its connection with propyl glycol (to which it stands in the same 
relation as alcohol to acetic acid), a view which he expressed by the 
following typical formulae : 



C2H5 J Q C,H30 J Q 

Alcohol. Acetic add. 



HJ"« HJ"» CI,/ 

Propylene glycol. Lactic acid. Lactyl chloride. 

With phosphorus chloride it pelds lactyl chloride. Both reactions 
indicated the presence of two tffpkal hydrogen atoms. Kolbe, on the 
other hand, regarded it as monobasic and called it oxypropionic add, 
which expressed the same relation to propionic acid that glycoUie 
bears to acetic or oxybenzoic to benzoic acid. In support of his view 
he pointed out that glycocoll, alanine, and amidobenzoic acid are 
converted in the same manner by nitrous acid into the respective 
oxyacids. Moreover, the glycols, he alleged, were not alcohols, but 
oxyhydratesy as they neither yielded nor, according to his formulae, 

^ ntoHae, vol. is, 678 ; Jaknab^ 1828, 2, 78 ; Annalen, 1832, 1, 1. 

* Afmalm, 1847, 62, 828. 
' AnndUny 1848, 66, 859. 

* Oompt. rmd^ 1868, 46, 1228 ; Annalen, 1868, 107, 192. 
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could yield aldehydes on oxidation.^ He wrote the formulae oa 
follows : 

2H0^*^«lCA H0(C4Hg)CA,0 H0(C4 | ^^)CA.O 

Propylene glycol. Propionic acid. Ozypropionio acid. 

Lactyl chloride was explained as chloropropionyl chloride, for the 
two chlorine atoms possess different functions, one only being 
acted upon by water, forming chloropropionic acid, or by alcohol, 
giving chloropropionic ether.' 

Fresh proofs were now brought forward by Wiurtz in favour of the 
dibasic nature of the acid. Brdning had obtained dibasic tin salts 
of the acid, and Wurtz had prepared, by the action of sodium ethylate 
on chloropropionic ether, the diethyl ether of lactic acid. 

The reduction of lactic acid to propionic, which had recently 
been accomplished by Ulrich, and the fact that Wurtz's diethyl ether 
only lost one alcohol radical on boiling with caustic soda, were 
adduced by Eolbe in support of his view.' So the discussion con- 
tinued, new facts being advanced by both disputants.^ Wurtz had 
meantime introduced the distinction between atomicity and basicity : 
whereas basicity is determined by the number of hydrogen atoms 
replaceable by a metal, the atomicity is conditioned by the valency 
of the radical. Although glycol contains two typical hydrogen 
atoms neither is basic, whilst in glycollic acid one of the two is 
basic and in oxalic acid, both. 

But the distinction found no expression in Wurtz's typical formula, 
and it was left to Wislicenus * to show that the two views might be 
very simply reconciled by translating Kolbe's formula into the typical 
notation, which meant the subdivision of the type into smaller types. 
Wislicenus' formulae for propionic and. lactic acid appeared as 
follows : 



CO 

C2H5 

H 



) 






TT/ 



H 

Propionic acid. Lactic acid. 

The inner water type represents alcoholic, the outer one, acid pro- 
perties; or, as Wislicenus expressed it, the diatomic and negative 

^ On this one point Kolbe was, of course, in error, for he did not admit Debus* 
glyoxal to be the aldehyde of glycol. 
< Annalm, 1859, 109, 257. * Annaim, 1860, 113, 228. 

* Anmalen, 1861, 118, 86ft. * ArmaUnf 1868, 126, 41. 
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radical, carbonyl, is half neutralized by the positive alcohol radical, 
whilst the second half retains its monobasic acid character. These 
relations were more clearly emphasized when Kekul^'s graphic 
formulae came into general use, which followed shortly after the 
publication of his textbook.^ 

The structure of the second lactic acid from flesh, called by Heintz 
parcUactic acid and by Strecker satx^olactic acid, was still unexplained, 
OS well as the connection subsisting between these two and a new 
isomeric acid which shortly appeared on the scene. 

In 1863 Wislicenus * effected the synthesis of lactic acid by the 
action of potassium cyanide on ethylene chlorhydrin, which yielded 
the cyanhydrin, and this, on hydrolysis, formed the new or ethylene 
lactic acid.' At first he pronounced the product to be identical with 
Liebig's paralactic acid ; but, on reinvestigating the matter, he 
recognized Liebig's acid as a mixture of an optically active acid with 
a small quantity of his own acid.^ There were therefore three acids. 
A fourth isomeric acid was stated by Beilstein to be formed by the 
action of silver oxide and water on jS-iodopropionic acid, and named 
by him hydracrylic acid, from its ready decomposition into acrylic acid 
by heat ; but its identity with ethylene lactic acid was subsequently 
established by Wislicenus.^ 

The existence of more than two structurally different acids at the 
time Wislicenus published his final paper on the subject in 1873 
could not be explained by any current hypothesis, and in reviewing 
his results he draws attention to the necessity for extending the con- 
ception of atomic grouping. ' If it is once granted that molecules 
can be structurally identical and yet possess dissimilar properties it 
can only be explained on the ground that the difference is due to 
a diffei-ent arrangement of their atoms in space.' ^ 

Isomerism of the Tartarie Acids. Many years before the 
appearance of the first memoir of the German chemist a partial 
solution of a similar problem had been offered by the French chemist, 
Louis Pasteur. Pasteur did not range far into the field of chemistry, 
but during the few years (1848-54) that he laboured at the subject 
he struck so rich a vein of scientific wealth that, after the lapse of 
half a century, it still remains unexhausted. The fascinating story 
of his discovery is told in two lectures on * Molecular Asymmetry * 
delivered before the Chemical Society of Paris in I860.'' 

' Lekrbuch der organisehen Chemie (1866). 

* Annalm, 1863, 128, 1. " AnnaUn, 1868, 128, L 

* Ber., 1869, 2, 560. » Ber., 1870, 8, 809. 

* AnndUn, 1878, 167, 843. * AUnMe Quh lUprinta, No. 14. 
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The inyestigatioQ in question concerns the nature of the two 
isomeric compounds, tartaric and racemic (paratartaric) acid, to 
which reference has already been made. 

To imderstand the steps which led to the remarkable results 
achieved by Pasteur it is necessary to revert to the year 1808 when 
Malus discovered the phenomenon of the polarization of light. At 
his death, which took place at the early age of thirty-seven, his pupils 
Arago and Biot continued his investigations on the subject. Biot 
(1815) observed the peculiar property which a section of quartz 
crystal exhibits, when cut parallel to the axis and viewed by polarized 
light, of producing rotatory polarization. He found, moreover, that 
there exist two kinds of crystals which rotate the beam of light in 
opposite directions. Some years earlier Hauy, the mineralogist, 
had noticed two kinds of quartz crystals possessing hemihedral 
facets on opposite sides of the crystal, constituting what are known 
as enantiomorphous forms. In 1820 Sir John Herschel suggested 
in a paper read before the Royal Society a possible link between 
the opposite kind of polarization and the reversed position of tiie 
facets. 

The suggestion of Herschel recurred to Pasteur when in 1848 he 
discovered hemihedral facets on tartaric acid, which was known to 
be dextro-rotatory. He recalled at the ^me time a statement which 
Mitscherlich had communicated to the Academy of Sciences, and 
which had greatly puzzled him at the time of its publication, to the 
following effect : ' The sodium ammonium double salt of racemic 
and tartaric acids have the same chemical composition, the same 
crystal form, and the same angles, the same specific gravity, double 
refraction, and consequently the same angles between the optic 
. axes. The aqueous solutions have the same refraction, but the 
dissolved tartrate turns the plane of polarization and the racemate 
is indifferent, as Biot has found for the whole series of salts, yet 
here the nature and number of the atoms, their aiTangement and 

« 

distances are the same in the two substances' 

I^ thought Pasteur, the racemate should possess no hemihedral 
facets and Herschel's supposition is correct, it will account for its 
optical indifference. 

He foiihwith crystallized sodium ammonium iticemate, but found 
that the crystals exhibited the hemihedral facets of the tartrate. On 
further examination it was observed that the facets were differently 
situated on the different crystals, some being disposed on the inverse 
side to others. The forms were enantiomoi-phous. They were 
separated, and the one proved to be the salt of ordinary or right- 
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handed tartaric acid, whereas the other was that of a new left-handed 
acid, and the presence of the two kinds in equal quantities produced 
inactivity in the solution. 

In reviewing his results, Pasteur pointed out that the hemihedral 
facets in the crystal mark the property of rotatory polarization, 
but, whereas the property is present in crystalline quartz and absent 
in the amorphous variety, it is absent in soUd tartaric acid, but 
present in the fused or dissolved state. 

The asymmetry must therefore be a function of the structural 
arrangement of the molectdes in quartz, and of the atoms in the 
molecules of substances which rotate the plane of polarization in 
the gaseous and liquid state or in solution. In the latter the 
molecules are asymmetric. Now where asymmetry exists in an 
object, such as a hand or foot, the only other object which is 
symmetrical with it is its reflected image, i. e. the corresponding 
hand or foot which cannot, however, exactly overlap. The object 
and image are said to be non-superposable. How is this 
asymmetry of the molecule, which may exist as object and image, 
produced? 'Are the atoms of right-handed tartaric acid,* asks 
Pasteur, ' arranged along the spiral of a right-handed screw, or are 
they situated at the comers of an irregular tetrahedron, or have 
they some other asymmetric grouping? We cannot answer these 
questions. But of this there is no doubt, the atoms possess an 
asymmetric arrangement having a non-superposable image. Equally 
certain is it that the atoms of the left-handed acid possess just the 
inverse asymmetric arrangement. Lastly, we know that racemic 
acid results from the juxtaposition of these two inversely asymmetric 
atomic groupings.' ^ 

Thus, the paths pursued by the French and German chemists, 
though they lay so far apart in point of time and differed so widely 
in their character, converged ultimately towards the same end, the 
conception of atomic space arrangement 

Whilst the closing words of Wislicenus' memoir were taking root 
in the mind of the brilliant young Dutch chemist, van't Hoff, 
Pasteur's views were being moulded into definite shape by his 
countryman Le Bel. Almost simultaneously van 't Hoff and Le Bel 
published their theories of space- or stereo-chemistry. Van 't Hoff *s 
paper appeared in September, 1874,^ whilst Le Bel's memoir was 
published in November of the same year.' 

* Alembic Qub JRepriniSy No. 14 ; Ostwald's Klassiher, No. 28. 

' * Voorstel tot Uitbreiding der Structuurformules in de Ruimte.' Broohora, 
1874. 

* BuJL 8oc Ckim., 1874, 22, 887. 
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Optieal Aetivitj and Ajgrnm^t>7- The theory of van 't Hoff 
and Le Bel connects optical activity with molecular structure. 
Substances which are optically active in the fused state or in solution 
contain within the molecule at least one multivalent atom united to 
different elements or groups forming an unsymmetrkal space arrange- 
menL As four is the minimum number of material points demanded 
by any space arrangement in three dimensions, the multivalent atom 
which unites the elements or groups must be at least tervalent. In 
the majority of carbon compounds the multivalent atom is carbon ; 
but optically active compounds are known in which the central ele- 
ment of the system is nitrogen, sulphur selenium, silicon, phos- 
phorus, or tin (pp. 310, 311). 

Optical Zsomerisiii. Oljaet aud Kirror Image. As Pasteur 
pointed out, every asymmetrical object, like a hand or foot, has its 
fellow, but they do not precisely overlap ; they are non-superposable. 
A left hand will not fit a right-hand glove. In the same way a 
substance containing a carbon atom, round which four different 
groups are distributed in three-dimensional space, is capable of 
existing in two forms which correspond to a left and right hand, or 
to an object and its reflected image. 

The chief point of difference between two substances, having a space 
arrangement or configuration of their atoms corresponding to object 
and image, lies in their action on polarized light, the one turning it 
to the right (right-handed or dextro-rotatory), and the other, precisely 
the same amount, to the left (left-handed or laevo-rotatory) when in 
the dissolved or liquid state. In all other physical properties — 
density, molecular volume, boiling-point, melting-point, solubility, 
conductivity, refraction, &c. — and in their chemical behaviour the 
two substances are identical. There are numerous observations 
which support this conclusion. The two complementary active forms 
are variously termed active cmnponents, antipodes, or enantiomorphs. 
The term enantiomorph, though applied originally to crystal forms 
(p. 167), appears on the whole the most suitable and convenient. It 
conveys the idea of object and image, and it can moreover be used 
both in the singular and in the adjectival form of enantiomorphous. 
The dextro- or laevo-rotation of a substance is indicated by the letters 
\d or VoT by the plus or minus sign. So far the theories of van 't 
and Le Bel substantially agree, but in points of detail they 
present certain differences. 
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Van 't EolTfl Theory. Van 't Hofif regards the carbon atom as 
possessing four valencies or bonds directed 
towards the summits of a tetrahedron, of 
which it occupies the centre.^ If the groups 
represented by a, h, c, d attached to these 
four bonds (Fig. 23) are different, such a 
grouping is present in substances, which, like 
active amyl alcohol or paralactic acid, exhibit 
optical activity. 

In amyl alcohol the central carbon atom Fig. 28. 

is linked to the groups H, CH3, CHjOH, 
and C2H5; in paralactic acid to H. OH, CH3, andCOOH: 




C2H5 



CH3 



CH^OH 



2' 



CH3 

I 

H~C-OH 

I 



H COOH 

Amyl alcohol. Paralactic acid. 

Represented by space forn .ulae(Figs. 24 and 25) the grouping is unsym- 



CH 




CHa 



CHjOH 



HO 




COOH 



Fia. 24. 



Fio. 26. 



metrical, or asymmetrical in the sense that it forms a figure which 
cannot be divided in any direction into exactly similar halves.* 



^ This view has received important experimental confirmatinn in the structure 
of the diamond (W. H. Bragg, Proc. Roy. Soc,, 1918, 89 ▲, 277). The atoms of 
carbon are there found to be grouped in the manner debcribed by vant 't Hoff 
(see p. 890). 

' Van *t Hoff points out the necessity of some such space arrangement if we 
desire to explain the absence of isomer- ^ ^ 

ism in easels where carbon is attached to 
two pairs of similar groups Cflsb, ; for if 
the arrangement is represented in one 

plane the two following forms should - 

exist, and no such case of isomerism is 
known. The same is true of the com- 
pound Ca^bCy which should form two 
stnirtural isomers, but is represented 
by only one individual. 



a 
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, The central carbon atom of the group is termed the asymmetric 
carbon atom. 

Such an as3rmm6trical group has a complementary form or mirror- 
image possessing the reverse rotation. The two forms of lactic acid 
will appear as in Fig. 26. The one is the mirror-image of the other 
and they cannot be turned so as to coincide. This can only be 
effected by interchanging two of the groups in one of the figures. 



CR 



HOO 




OH 




HO 



COOH 



Fio. 26. 



Van 't Hoff usftd a tetrahedron to denote the distribution of the 
four groups, but did not postulate any special shape of tetrahedron, 
which may be regular or not, and will probably depend on the 
relation of the groups. The molecular dimensions in no way affect 
the main conclusions, and may for the present be disregarded. It is 
not, however, essential to make the asymmetric carbon the centre of 
a tetrahedral figure as van 't Hoff proposed. The principle is in no 
way affected if the tetrahedron is replaced by a sphere on which the 
four groups are distributed in three-dimensional space, or if the 
groups are attached to four carbon linkages not lying in one plane, 
thus: 




Pio. 27. 

Le Bel's Theory. As already stated, in its fundamental idea Le 
Bel's theory agrees with that of van 't Hoff. Both recognize the 
existence of asymmetry produced by a space arrangement of four 
different groups or radicals surrounding the central carbon atom, its 
effect in producing rotatory polarization, and the necessary con- 
sequence tft a-' complementary form or mirroivimage having the 
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reverse rotation. They differ Id regard to the nature of valency. 
Le Bel does not recognize the structural conditions laid down by 
Kekuld's theory of the quadrivalency of carbon or van 't HofiTs added 
hypothesis that the bonds are directed towards the summits of a tetra- 
hedron. * The asymmetry of the molecule/ says Le Bel/ ' can only be 
manifested by the asymmetric distribution of four atoms or radicals 
united to a single carbon atom, and this asymmetry will necessarily 
exist if these four radicals are different, whatever be the geometrical 
torm of the molecule.' Thus, a pyramid on a square base with the 
carbon at the apex and the four groups arranged at the corners of the 
base would satisfy this condition. As van 't HofiTs theory is in stricter 
conformity with modern conceptions of structural chemistry, we shall 
proceed to develop his view of stereoisomerism. 

Vatiiro of the Space Arraagement. The theory, as we see, 
involves the conception of fixed material points. Such a conception, 
according to van't Hoff, is not inconsistent with that of atomic 
motion, for, as the possibility of dissociation diminishes with 
decreasing temperature, the state of things at absolute zero is only 
to be explained by atomic mechanics; for intramolecular motion 
then ceases and the atoms must retain their positions by some 
force of repulsion which, he says, may possibly be electricity.' 

The internal motion of the atoms may therefore be disregarded, 
and the centres about which they oscillate considered as a statical 
system of material points. How far the modem views of valency 
fit in with the idea of material points, whether the valency of 
carbon takes the form of a force acting in four directions or of one 
evenly distributed over the atom, whether it is determined by 
a tetrahedral figure of the carbon atom or depends upon the sub- 
division of the atom into smaller parts, it is not our intention to 
discus& We are at present concerned with the experimental 
evidence upon which the theory rests. 

Optically Active Compoimde contain Ai^ymmetric Carbon. 

According to the theory all optically active compounds coutain an 
asymmetric carbon atom.' 

The following are well-known examples of naturally occurring 
optically active substances containing one or more asymmetric carbon 
atoms, denoted in the formulae by heavy type : — 



' BuU. Soc. Chim,, 1875 (2 -, 28, 838 ; 1882 (2), 87, 800 ; 1892 (8), 7, 164 ; 
Freundler's Slereochimief p. 10. 

* Arrangtmmt </ Atoms in Space, by J. H. van 't HoflF, trans, by A. Eilourt 
(Longmans), p. 6. 

' SbLoluding for the praaent derivativea of other elements than carbon. 
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Amyl alcohol 
Lactic acid 
Malic acid 
Alanine 
Asparaginc 
Aspartic acid 
Leucine 
Mandelic acid 
Tyrosine 
Tartaric acid 
Mannitol 
Saccharic acid 
Olucose 



CHsCCaHg) . CH . CHjOH 

CH3.CH(0H).C00H 

COOH . CH(OH) . CHj . COOH 

CH3 . CHCNHjj) . COOH 

COOH . CH(NHj) . CHj . CONH, 

COOti CHCNHjj) . CHj . COOH 

C4H9 . CHCNHjj) . COOH 

CeH6CH(0H).C00H 

OH . CfiH^ . CHa . CHCNHg) . COOH 

COOH . CH(OH) . CH(OH) . COOH 

CHjOH . (CH . OH)^ . CHjOH 

COOH . (CH . 0H)4 . COOH 

CHaOH(CH . 0H)4 . CHO. 



The asymmetric carbon atom may also form part of a ring as 
in propylene oxide, limonene, and conine. 



CH3 

I 
CH 

/ 

\ 

CH, 

Propylene oxide. 



HG-^ 
HjCtv 



CH, 

I 




CH. 



CH, 



H,G 



/\ 



y"CH, 

I 



/\ 
CH3 CHj 

Limonene. 



H«C 



|CH, 



NH 

Conine. 



CHCjH^ 



The supposed activity of a few compounds like propyl alcohol, 
CH3 . CHj. CHgOH, and styrene, C^HgCH: CHj, which contain no 
asymmetric carbon, has been traced to inaccurate observation& 

Whether every solid compound, which is active in solution, 
crystallizes in a hemihedral form, as Pasteur supposed, is a question 
about which opinions at present differ, and until fresh evidence is 
forthcoming judgment must be suspended. Another question, how- 
ever, suggests itself. Does activity of a substance in a liquid state or 
in solution necessarily involve activity of the solid ? It appears to 
be rather the exception than the rule to find a substance active in 
both states. It has been observed in the case of certain tartrates, 
strychnine sulphate, zinc bimalate, and camphor. There is, how- 
ever, no necessary connection between the activity of the two states, 
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and it must be carefully borne in mind that stereoisomerism isk 
concerned with the activity of the liquid or dissolved substance, and 
not with that of the solid. 

Optical JLetiTity and Aajmaieitry disappear together. Accord- 
ing to the theory, activity should disappear with the removal of 
asymmetry, that is to say, when all the four groups are no longer 
dissimilar; when, for example, the compound Cabcd becomes 
Ca2bc. 

Amyl alcohol, 

OH, H 

V 

CjHj CHjOH 

which is active in its esters, in the chloride, bromide, iodide^ in 
amylamine and its salts, having the general formula: 

GHs H 

V 

G2H5 OMjX. 

Amyl derivatives. 

also in the aldehyde, valeric acid, and numerous other derivatives, 
CH3 H CH3 H 

V V 

C2H5 CHO CgHft COOH 

Yaleraldehyde. Valeric acid. 

becomes inactive, as Le Bel and Just have shown, in methyl amyl, 
amylene, and amyl hydride, wherein the asymmetric carbon is 
lacking. 

fa 



CH, H CH3 CH, H 

\ / \ \ / 

C C - CH, C 

/ /\ 

CjHg C,Hj CH, 



CaHk c 



2"ft ^2-^6 



Methyl amyl. Amylene. Amyl hydride. 
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Active malic acid, which can be converted into active chlorosuccinio, 
methozy-fiuccinic, and aspartic acid, 

H CO.H H CO,H H CO-H 



V V 



c 



/ \ 



CI CH2.CO2H CH3O CH2.CO2H NH2 CHg.COjH 

Chlorosuocinic acid. Methoxy- succinic acid. Aspartio acid. 



yields inactive succinic acid on reduction, 

H COOH 

\/ 
C 

/\ 
H CH2.COOH 

Again, active allyl propyl cyanacetic ester on reduction yields 
inactive dipropyl cyanacetic ester. ^ 

C3H-V .CN C.H^v /CN 

CaH,^ \C00R Ojay ^COOR 

Even living organisms which exhibit a tendency to form active 
substances never do so in the absence of an asymmetric carbon. 
Succinic acid, which often accompanies fermentative processes, is 
never active. It should be pointed out that where one group replaces 
another so that asymmetry is preserved, the product is not always 
active. The fact is accounted for by the compound undergoing during 
the process what is known as racemisationf which will be explained 
later (p. 186). Thus, an active chloro-succinic acid was obtained by 
Walden ' from malic acid and phosphorus pentachloride, but the bromo 
compound prepared in a similar way was inactive. The same thing 
occurred with ^mandelic acid, which gave inactive phenylbromacetic 
acid. Observations of a similar character have frequently been made. 

Optical Xnaotivity may exxat with Asymmetry. We have 
now to discuss the converse of our first proposition. Is the presence 
of an asymmetric carbon atom always associated with optical activity? 
This is not necessarily the case. In the first place, the compound 
may consist of equal quantities of the two optically active varieties^ 
in which case the activities will be neutralized, and hence the 
substance will appear inactive. 

^ Fischer and Brieger, Ber.^ 1916, 48, 1617. 
> Ber„ 1898, 26, 214 ; 1895, 28, 1287. 
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ThB ZnaetiTe Bi-visible Type. Thus, lactic acid from sour 
milk is inactive owing to the presence of equal quantities of the 
dextro- and laevo-compounds. Proof of this has been given by 
resolving the inactive acid into its two active components by methods 
to be presently described, and recombining the latter so as to repro- 
duce the inactive substance. Inactive racemic acid is produced in 
the same way by dissolving equal quantities of the dextro and laevo 
tartaric acids. There exist a host of similar examples, which it is 
unnecessary to reproduce. In certain cases the two active varieties 
or enantiomorphs crystallize together, forming a product which has 
physical properties distinct from those of either constituent. Such 
a compound is called racemic. The term is derived from racemic 
acid, which in itself and its salts differs in crystalline form, water of 
crystallization, solubility, density, refraction, melting-point, &c, 
from either of the single active acids or their salts. Such differences 
disappear in solution, and the substance then behaves like a mixture. 
The distinction between racemic compounds and inactive mixtures 
is discussed more fully on p. 202. The two kinds of inactive sub- 
stances are distinguished by the letters r and dL 

The ZnaotlTe Indivisible Type. There is another kind of 
inactivity which has quite a different origin. It depends upon the 
presence in the molecule of an even number of similar asymmetric 
carbon atoms, that is to say, carbon atoms to each pair of which 
a similar set of groups is attached. This inactive type was first 
observed by Pasteur in the case of tartaric acid which, in addition to 
inactive racemic acid, exists in the isomeric form of mesotartario acid, 
and is obtained by heating ordinary tartaric acid with water or 
alkalis. The two are distinguished by different physical properties, 
but more especially by the fact that mesotartario acid cannot be 
resolved into active components. 

If we examine the structural formula of tartaric acid it will be 
seen that it possesses two asymmetric carbon atoms, denoted in the 
figure by thick type. 

H Each asymmetric carbon atom is attached to 

I similar groups. Let us suppose that each asym- 

'^ metric carbon with its associated groups produces 

jjQ 0% COOH * certain rotation in a given direction. We may 

I imagine the following combinations of two similar 

H asymmetric groups. Both produce dextro-rota- 

tion, or both produce laevo-rotation. They will represent the 

dextro- and laevo-enantiomorphs, and the mixture of the two 

will produce inactive racemic acid. Racemic acid is said to 
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be inactive by extemcd compensation. Suppose, finally, that the 
two asymmetric groups produce rotation in opposite directions. 



Fio. 28. 






They will neutralize one another. The result will be a compound 
which is inactive by internal compensation. Such a compound 

cannot be resolved by any process into its active 
a. components. The last arrangement represents 
mesotartaric acid, which is pernMinently inactive 
or indivisible.^ The explanation is more easily 
followed by means of models. Suppose that 
Fig. 28 represents the two asymmetric carbon 
atoms and that the bonds lettered a, h, c, stand 
for the three groups H, OH, and COOH, for 
which coloured sticks may be employed. Join 
together two identical models by bringing the 
one on the top of the other (Fig. 29). 

If we suppose each model to be dextro- 
rotatory, the combination will also be dextro- 
rotatory, and will stand for the dextro-acid. Pig. 30 (I).' The 
mirror-image of this is shown in Fig. 30 (II), and will represent 
b €L a, J) CL b 




Ff o. 29. 




Fio. 80. 








I n m 

the laevo-acid. The mixture of the two will give inactive racemic 

1 The acid methjl ester of mesotartaric acid is not internally compensated 
and has been resolved by crystallization of its strychnine salt (see p. 188^ 
Marckwald and Karezag, Ber,^ 1909, 42, 1618. \ r /> 

* It may be stated at once that there is no means of ascertaining the absolute 
relation of configuration to rotation. 

PT. U H 
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acid. Finally, if the top and bottom asymmetric groups standing 
in the relation of object and image are combined, the rotations are 
opposed and neutralized and mesotartaric acid, Fig. 8 (IH), ia 
produced. It is identical with its mirror-image, for by reyolving 
either of them in the plane of the paper through 180^ they will 
coincide. 

Instead of models, projection formulae can be used, and if the 
asymmetric carbon atom, instead of being represented by G, is 
merely denoted by a cross line, the above configurations will assume 
the following simple form : 

COOH COOH COOH 



OH 



H 



H 



H 



OH OH 



OH 



H 



H 



OH 



OH 



COOH COOH COOH 

d. Tartaric acid. 2. Tartaric acid. Mesotartaric add. 

The formulae unavoidably depict a fixed relative position of the 
two sets of groups surrounding the asymmetric carbon atoms ; but 
it must be remembered that the above theoretical results would 
follow, if either or both carbon atoms revolved on a vertical axis 
into any other position, or continued permanently in a state of 
oscillation or rotation, provided the relative positions of the members 
of each asymmetric group were retained. The fixity, or otherwise, 
of the groups is a question which will be discussed later (p. 268). 

The correctness of the explanation, which accounts for the inactive in- 
divisible type, follows from the researches of E. Fischer,^ who has shown 
that inactive and indivisible mucic acid, CO2H'. (CH0H)4. COgH, 
gives, on reduction, galactonic acid, CHjOH . (CH0H)4 . CO2H. The 
symmetry of the molecule is thus disturbed, and the new substance, 
which now belongs to the divisible inactive type, can be resolved 
into its active enantiomorphs (p. 179). 

The number of examples of the inactive and indivisible or meso 
type is not very large. In addition to mesotartaric acid and mucic 
acid already mentioned, erythritol CHsOH (CHOH)^ OB fiR and 
dulcitol CHjOH (CHOH^^CHsOH belong to the same dass of inactive 
compotmds, as well as the dialkyl derivatives of succinic acid and 
its homologues of the general formula : 



COOH 



DLV 



^■<n 



COOH COOH 



\ 



X500H 



CH— (CHJ,— CH/ 

\e 



' Btr., 1892, 26, 1247, 1360. 
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The followiDg few examples afford a comparison of racemic (r)and 
meso (t) forms, from which it will be seen that the differences in 
physical properties are in the majority of cases well marked.^ 



Substance. 


M.P. 


Density, 


Affinity constant. 


r. 


t. 


r. 


• 


r. 


 

t. 


Tartaric acid 
Dimethyl succinic acid 
Diethyl succinic acid 
Diisopropyl succinic acid 
Diphenyl succinic acid 
Dimethyl glutaric acid 
Dimethyl adipic acid 


204° 
127 
129 
171 
183 
128 
76 


140° 

195 

192 

226 

229 

140 

140 


1-697 
1-829 


1-666 
1-814 


0-097 

0-0123 

0-0245 

0-0108 

0-020 

0-0065 

0*0042 


0-06 

0-0191 

00343 

0-2255 

0-026 

0-0056 

0-0042 



Where the identity of the racemic compound has not been directly 
ascertained by resolving it into its enantiomorphs, the division into 
racemic and meso is usually determined by analogy with the melting- 
points of a related compound of known configuration. In the present 
case, however, it would appear that the racemic forms of the dialkyl 
and diphenyl derivatives of succinic acid and adipic acid, unlike 
racemic acid, have the lower melting-point, and the same is true of 
the sym. dichloro- and dibromo-succinic acids. ^ 

In the above table the racemic form has been ascertained in the 
case of dimethyl-^ and diphenyl-succinic * acids and dimethyl adipic 
acid ^ by resolution into their active forms. 

Chemical as well as physical differences in racemic and meso 
compounds have also been observed, depending on solubility and 
water of crystallization. Whereas the calcium salt of mesotartaric 
acid crystallizes with three molecules of water CaC4H4O0 + SHjO, 
that of racemic and the d- and 2^acids crystallize with four. 

Again, mesotartaric and racemic acid crystallize with one molecule 
of water, whereas the active tartaric acids are anhydrous. Hydro- 
benzoin CeH5.CH(0H). CHlOHj.CgHg is anhydrous, whilst isohydro- 
benzoin, the racemic form, may contain water of crystallization. 

Besolutioii of Extamally Compensated CompoiindB. The best 
proof of the existence of a substance (racemic compound or mixture) 
which is inactive by external compensation is its separation or resolu- 
tion into active enantiomorphs. This is obviously a matter of some 
difficulty owing to the fact that stereoisomerism is only manifested 

* A more complete list will be found in Werner's Ldirbuch der Siereoehemie. 

* Holmberg, Chem. Soc Ahstr.y 1912, 1, 4 ; McKenzie, Trans. Chem. Soe., 1912, 
101, 1196. 

* Werner and Basyrin, Bsr., 1918, 46, 8229. 

* Wren and Still, Trans. C?iem. Soe., 1915, 107, 444. 

^ Noyes and Kyriakidee, J. Atner. Chem. Soc., 1910, 82, 1067. 

n2 
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by optical and occasionally crystallographic properties, and by the 
relation of the two enantiomorphs to other asymmetric substances. 
In all other respects the stereoisomers are identicaL The three 
principal methods at present in use for resolving externally com- 
pensated compounds were suggested and developed by Pasteur. 

Basolntion 1^ Cxsniitallisation in Enaatiomorplioiui Forms. 

The method has already been described in the case of sodium 
ammonium racemate (p. 167), and depends on the deposition of the 
two enantiomorphous crystalline forms of the d- and Z-tartrates from 
solution,* which can be separated mechanically. The process has 
undergone an interesting development. Why, it may be asked, 
does not the salt of the original racemate crystallize? On evapo- 
rating solutions of sodium ammonium racemate St&del ' did, in &ct, 
obtain crystals of the original racemate, and not those of the d- and 
{-tartrates as Pasteur had done. How were the results to be recon- 
ciled? Scacchi' solved the problem by showing that the formation 
of the one or other kind of salt is dependent on the temperature 
at which crystallization occurs. A high temperature favours the 
crystallization of the racemate, whilst at the ordinary temperature 
the two tartrates are chiefly formed. The temperature above or 
below which the transformation occurs was found by Wyrouboff ^ to 
be about 28^ Van 't Hoff and van Deventer^ have since shown that 
the transiHon temperature, as it is now termed, lies between 26*7^ and 
27-7°, and is determined by the loss of water of crystallization from 
the tartrates and their conversion into the racemate according to the 
following equation : 

2C40eH4NaNH4 + iUfi = (CAH^NaNHJa . 2HaO + eH^O. 

Above the transition temperature the tartrates lose water of crystal- 
lization and the racemate is formed ; below this temperature water is 
absorbed and the tartrates are produced. The transition temperature 
has since been studied in the case of other substances,* and great 
accuracy has been introduced into the observations by the refined 
methods of van 't HofP, which are described in text-books of physical 
chemistry. The resolution of inactive substances by crystallization 
in this way has had only a limited application, owing to the difficulty 
of obtaining well-crystallized enantiomorphous specimens capable of 
mechanical separation. It has, however, been used by Purdie^ to 

1 Pasteur, Aim. Chim, PAys., 1848 (3), 24, 442 ; 1850, 28, 66. 

« jBcr., 1878, U, 1752. » Bend. Acoad. Napoli (1866), 260. 

• BuU. 8iK, Chim,, 1884, 41, 210 ; 1886, 45, 52 ; Compt rend., 1886, 102, 627. 

• Zeitphya. Chem,, 1887, 1, 165. 

• Kenricki ^sr., 1897, 30, 1749. '' Trans, Chm. Soc„ 1893, 63, 1143. 
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resolve inactive lactic acid by means of the zinc-ammonium double . 
salt, by Erlenmeyer jun.^ to separate racemic isohydrobenzoin, and 
by K5mer and Menozzi' to break up inactive asparagine. As all 
the substances named can be prepared artificially in their inactive 
forms, their resolution into active constituents can be effected in this 
way spontaneously, and consequently without the direct intervention 
of vital, i. e. asymmetrical, influences, a view which is contrary to that 
upheld by Pasteur. 

The other two methods of Pasteur are based on the different 
behaviour of the two enantiomorphs under what may be termed 
asymmetric conditions. 

Besolution Vy the Biochemical Method. Pasteur (1860) ob- 
served that a solution of ammonium racemate containing a little 
potassium phosphate becomes laevo-rotatory after green mould {peni* 
cillium glaucum) has been grown in it. The rotation increased slowly 
until a maximum was obtained, when no more {^tartrate was left in 
solution. In other words, living organisms, which Pasteur regarded 
as asymmetric bodies, have the property of selective assimilation. 
The observation has been widely applied, and many of the lower 
vegetable organisms— bacteria, fungi, and yeasts — have been pressed 
into the service of the chemist. The process is usually conducted as 
follows : — A dilute and sterilized solution of the inactive substance 
in water is prepared, to which small quantities of nutrient materials, 
such as phosphates and ammonium salts, are added, and finally a pure 
culture of the organism. After keeping the solution at a suitable 
temperature for the growth of the organism, a portion is withdrawn 
from time to time and examined in the polarimeter until a maximum 
rotation is reached. 

The curious observation has been made by P. Frankland and 
HacGregor,' that, although fresh cultures of hacttlus eihaceticus act 
only upon the dextro-salts of glyceric acid, they can, by cultivation 
in a solution of calcium glycerate, be gradually induced to assimilate 
the laevo-enantiomorph as well, but this is an exception to the general 
rule. The different kinds of organisms which have been used for 
resolving inactive substances in the manner described above do not 
always assimilate the same enantiomorph ; on the contrary, they 
show the greatest diversity in their tastes, one organism attacking 
the dextro- and another the laevo-enantiomorph in an apparently 
arbitrary manner. The loss of the one enantiomorph, as well as the 

» B«r., 1897, 80, 1531. » Qaaz. cWm., 1887, 22e. 

> Trans, Chan, 8oc, 1898, 63, 1034. 
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usually small yield of active material, constitute the chief disad- 
vantages of the process. On the other hand, the method can be 
applied to a great variety of compounds, such as acids, alcohols, and 
sugars, and is frequently used for finding if an inactive substance is 
capable of resolution. Examples of its application are very numerous, 
lists of which will be found in papers by Winther,^ McEenzie and 
Harden,' and in Werner's Lehrhuch der Stereochemie, p. 68. 



Substance, 


Ofycttitstn. 


Dutroyed. 


Raoemio ftoid 


penicillium 


d. 




schizomycetes 


I 


Lactic acid 


penicillium 


d. 




bacteria 


I 


Mandelic add 


penicillium 


d. 




aspergillus muoor 


L 




yeast 


d. 




bacterium termo 


L 


Glyceric acid 


penicillium 


L 




bac. ethaoeticus 


L 


Ethoxy succinic acid 


penicillium 


d. 


Methyl ethyl carbinol 


penicillium 


d. 


Methyl propyl carbinol 


penicillium 


d. 




aspergillus niger 


d. 


Phenyl dibromopropionic acid 


aspergillus fumigatua 


I. 


Amyl alcohol 


fungus 


I. 


Propylene glycol 


fungus 


d. 




bacterium termo 


d. 




bacterium from cheese 


d. 


Glucose, mannose, ) 
galactose and fhictose ( 


yeast 


d. 



The power of selective assimilation by living organisms finds 
a parallel in the different physiological action of enantiomorphs on 
the animal body and of the animal body on enantiomorphs. For 
instance, Piutti ' found that d-asparagine has a sweet taste, whereas 
that of the laevo-enantiomorph is insipid ; ^nicotine, according to 
Pictet and Rotschy,^ and Z-adrenaline, according to Abderhalden," 
are far more poisonous than the (2-compounds ; whilst Chabri^ * 
showed that Z-tartaric acid, when administered to guinea-pigs, was 
found to be twice as poisonous as the d-sicid. The power of the 
human body to assimilate and excrete certain optically active sub- 
stances belongs to the same order of phenomena. Laevo-tyrosine, 
for example, is more easily destroyed in the animal body than the 
dextro-compound.'' The discovery of the optical activity of certain 
mineral oils by Neuberg and the conversion of chaulmoogra oil by 



» Ber,, 1895, 28, 8022. 

» Ber., 1886,19,1691. 

» Zeit. Physiol, Chem., 1909, 69, 129. 

^ Dakin, J. Biol, aiem., 1910, 8, 25. 



« Trans, Chtm. Sac., 1903, 83, 424. 

* Ber,f 1904, 37, 1238. 

c Compt. rend,, 1898, 116, 1410. 
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disillation with zinc dust into an active paraffin (Lewkowitsch) lends 
support to the theory of the organic origin of petroleum* 

Besolntioii bj means of Active Snbstaaoes. The third method 
of Pasteur is the one most commonly employed. Pasteur * found 
that when racemic acid is combined with the active (laevo) base 
cinchonine and the solution left to crystallize, the cinchonine salt of 
^tartaric acid is the first to separate. In order to explain the fact 
we must assume that if sufficient cinchonine is present two salts are 
formed, one of the alkaloid with the laevo-acid and the other with 
deztro-acid. If we denote the acid by A and the base by By we 
obtain the following two combinations : — 

dA + IB, I A + IB. 

The two compounds are not enantiomorphs, for the two acids of 
opposite rotation are united to the same active base. They con- 
sequently exhibit different properties, more especially different solu- 
bilitiea It is thus possible to resolve, by fractional crystallization of 
their salts, inactive acids (e. g. racemic acid) when combined with the 
same active base (e. g. cinchonine), or inactive bases (e. g. conine) 
when united to the same active acid (e. g. tartaric acid). There are 
certain practical difficulties connected with the operation which are 
occasionally encountered, such as small differences in the solubility 
of the two salts or lack of crystallizing power. ^ The first may be 
overcome by substituting an active reagent of higher rotatory power, 
which usually enhances the differences in physical properties ; the 
second by inoctilating the solution with a crystal of a similarly active 
salt, so as to induce crystallization. The bases commonly used are 
the active alkaloids, quinine, quinidine, cinchonine, cinchonidine, 
strychnine, morphine, and brucine, and the active acids tartaric, 
camphorsulphonic, and bromocamphorsulphonic acid. There are 
some acids, like the amino acids, alanine, leucine, tyrosine, &c., 
which are too weak to form stable salts with the alkaloids, and 
cannot therefore be submitted to the process of fractional crystalliza- 
tion. E. Fischer' found a simple solution of the difeculty by intro- 
ducing the strongly acid radicals benzoyl, nitrobenzoyl, or formyl into 
the amino group, thereby converting a weak acid into a strong one. 
The acyl derivatives readily form crystallizable salts with the alka- 
loids, from which, after resolution into their enantiomorphs in the 

^ Ann. Chfyn. Phys., 1858 (8), 88, 487 ; Compt rend., 1868, 87, 162. 

* Marckwald, Ber., 1896, 29, 42. 

• Ber.j 1899, 82, 2451, 8688 ; 1900, 88, 2870 ; Ber., 1905, 88, 8997. See also 
Gibson and SimonBen, Trans. Chan. Soc., 1915, 107, 798. 



184 STEREOCHEMISTRY OF CARBON 

usual way, the acyl group is removed by hydrolysis. It does not 
necessarily follow that because an inactive acid can be resolved by 
a certain active base, the corresponding inactive base may be as 
readily resolved by the corresponding active acid.^ 

Becent Methods of Besolntion. The methods of Pasteur, which 
depend upon the differences exhibited by the components of an 
inactive substance under the influence of asymmetric (physical, 
chemical, or biochemical) reagents, have undergone expansion in 
various directions. Among the physical methods is that of Kipping 
and Pope,^ who crystallized sodium ammonium racemate from 
solutions containing d-glucose, and obtained on the average an 
excess of the dextro-enantiomorph. Attempts to induce separation 
of the enantiomorphs by crystallization in a strong magnetic field, 
that is, under conditions which ordinarily produce rotatory polariza- 
tion in inactive materials, were made by Pasteur, and have since 
been repeated, but without success. Chemical methods have been 
employed by E. Fischer, Walden and Marckwald, and M^'Eenzie. 
Fischer' examined the rate of hydrolysis of cane-sugar by d- and 
2-camphoric acid with negative results. A similar process has been 
studied with more success by Walden,^ and Marckwald and M^Kenzie.^ 
The method is based on the different behaviour of the two enantio* 
morphs of an acid with the same active alcohol or of an alcohol with 
the same active acid, more especially in the effect on the rate of 
hydrolysis and esterification. The ester of the one combination is 
more easily formed or hydrolysed than the other, and therefore 
incomplete hydrolysis or esterification of the inactive material leads 
to a partial resolution of the enantiomorphs. If, for example, inactive 
mandelic acid is incompletely esterified with Z-menthol, the dextro- 
acid being more rapidly esterified, the unesterified portion is laevo- 
rotatory. 

Erlenmeyer, jun.,* has separated isodiphenyl hydroxyethylamine 

CaH^CHlOH) 

I 
CeHsCH.NH, 

by combining it with active helicin. The compounds of the 
formula 

C0H5 . CH(OH) . CHC0H5 . N : CHCfiHi . OCJInO, 

» Kipping, Trans. Chem. Soc., 1909. 05, 408. 

« Proc, Chem, Soc., 1898, 14, 113 ; Trans,, 1909, 95, 103. 

» Ber., 1899, 82, 8617. * Bar., 1899, 82, 2703. 

5 £er., 1899, 32, 2180 ; 1901, 84, 469. • Bsr., 1903, 86, 976. 
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formed by the two enantiomorphs are not mirror images, and can be 
separated by fractional crystallization, and Neuberg ^ has succeeded 
in resolving racemic arabinose by crystallizing the hydrazone formed 
with ^menthylhydrazine. In this case nearly pure e2-arabinose 
l-menthylhydrazone crystallizes from the alcoholic solution. 

An ingenious method for resolving alcohols has been devised by 
Pickard, and consists in forming the acid ester of a dibasic acid 
(succinic or phthalic acid) with the alcohol, combining it with an 
active alkaloid and then submitting it to fractional crystallization. 
In this way a large number of alcohols have been resolved (see p. 221). 
For resolving primary amines Pope and Read * use the two active 
hydroxymethylene camphors obtained from (2- and {-camphor (see 
Part III, p. 245), which unite readily with bases to form compounds 
of the general formula 

yC:CH.NHR 

C8Hh< I 
X30 

After separation by crystallization, the bases are recovered in the 
form of the hydrobromides by decomposing the compound with 
bromine. 

Another method for preparing active compounds, which cannot 
be obtained by any of the ordinary methods of resolution, is to 
synthesize them from active materials. 

M<^Eenzie and Wren * have converted ^mandelamide by the aid 
of the Grignard reagent (Part I, p. 208) into 2-benzoin : 

CeHs . CH(OH) . CONH, + 2CeH5MgBr 

-^ CeH5CH(0H) . C(0MgBr)(NHMgBr)CflH5 + 2H2O 

-^ CeH5CH(0H) . CO . CeHg + MgEr, + Mg(0H)2 + NH3 

Also certain active glycols from active esters by the aid of the 
same reagent^ whilst Fischer ' has succeeded in preparing an active 
[-methyl succinic acid from Z-bromopropionic ester by Bone and 
Sprankling's method (Part I, p. 192). 

An interesting case of partial resolution of potassium racemate 
was observed by H<^Kenzie on adding sufficient {-malic acid to form 
the acid potassium salt, which was found to be dextro-rotatory. 

Among the methods which are related to Pasteur's biochemical 
method are the hydrolytic resolution of glucosides by enzymes 



1 Ber., 1908, 36, 1192. * Trans. Chem, Soc., 1909, 05, 171 ; 1918, 106, Ui. 

* Tftma. CHem. Soc., 1908, 03, 309 ; 1909, 8<^, 1588 ; 1918, 103, 112. 
« Trans. Chtm, Soe., 1916, 107, 440. 
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(emulsin and maltase), which was investigated by E. Fischer,^ and is 
treated more fully in Part III, p. 40, and the hydrolysis of the esters of 
an inactive acid by the fat-splitting enzyme lipase, which was studied 
by Dakin.* Both observers found that the enzymes in question 
exhibit the power of selective hydrolysis. Thus Dakin showed that 
the partial hydrolysis of the inactive esters of mandelic acid results 
in the production of the dextro-rotatory free acid and a laevo-rotatory 
residue of unchanged ester. He explains it by the union of enzyme 
and ester previous to hydrolysis. As the enzyme is an active sub- 
stance, the rate of hydrolysis of enzyme -H d-ester will be different 
from that of enzyme + ^est€r• 

SubstaiiMS which have not been resolTed. Whilst a certain 
number of inactive externally-compensated compounds like aspara- 
gine, isohydrobenzoin, and certain lactones of saccharic acid show no 
tendency to form racemic compounds and separate spontaneously on 
crystallization into their enantiomorphs, and others again can be 
resolved more or less readily by the methods described, there still 
exists a class of substances which up to the present have defied all 
attempts to divide them. It was supposed at one time that no 
substance containing less than two carbon atoms united to the 
asymmetric carbon could be obtained in an active form, and until 
recently all attempts to resolve them failed." Pope and Read* have 
now succeeded in resolving chloriodomethane sulphonic acid, 

CI 

I 
H— C-SO3H 

i 

by crystallization with d- and l-hydroxyhydrindamine, brudne, or 
strychnine. The ammonium salt of the dextro-isomer shows a rota- 
tion of [M]. = + 48-7^ 

Baoemisation. In the foregoing paragraphs the resolution of 
inactive substances has been described. The reverse process, whereby 
an active substance is rendered inactive, is frequently observed. It is 
termed racetnisationf and is brought about by the conversion of one 
half of the active material into its enantiomorph. That the change 

1 ZeU. phys. Chem., 1898, 26, 61. 
> Joum. o/Phys., 1904, 80, 268 ; 1905, 82, 199. 

' See van *t Hoff'a Arrangement 0/ Atoms in Space, trans, by Eiloart, p. 25 ; Pope 
and Read, Trawi. Chrnn, Soe., 1908. 08, 794. 
« Trans. Cftem, Soc., 1914, 105, 811. 
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18 due to this cause, rather than to the formation of some structurally 
different and inactive compound, has heen shown repeatedly by 
resolving the product of racemisation into its originally active 
constituents. 

Bacemisation is usually effected by rise of temperature. It was 
first observed by Pasteur,^ who obtained both racemic and mesotartaric 
acid by heating cinchonine d-tartrate to 170^ Jungfleisch* modi- 
fied and improved the method, heating tartaric acid with ten to 
fifteen per cent, of water in sealed tubes to 175° for several hours, 
and obtained considerable quantities of racemic and mesotartaric 
acid. The same process has been found to bring about the itusemisa- 
tion of aspartic, mandelic, isopropylphenylglycollic, and camphoric 
acid. Active pinene, limonene and phellandrene, active amyl alcohol, 
and many of its derivatives are rendered inactive by heating. Active 
lactic acid is converted at 150° into inactive lactide, and active quinic 
acid into inactive quinide. The presence of foreign substances fre- 
quently produces racemisation. (2-Tartaric acid is easily converted into 
racemic and mesotartaric acid when boiled with a concentrated solu- 
tion of caustic soda.' Caustic potash racemises active amyl alcohol, 
lactic acid, mandelic acid, and amygdalin. Active leucine, glutamic 
acid, and pyrrolidine carboxylic acid, when heated with baryta water, 
and d-valeric acid, limonene, and pulegone, heated in presence of strong 
sulphuric acid, lose their activity. The racemising action on tartaric 
acid of the oxides of iron and aluminium has been attributed to the 
catalytic action of these substances.'* Bacemisation seems to occur 
more readily when substances are in the act of formation than when 
already formed. In this connection the racemising of a substance 
during the replacement of one group by another, as Walden observed 
when malic acid is converted into bromosuccinic acid (p. 175), can be 
readily understood. It is well known that acids with asymmetric 
carbon in the a-position are readily racemised by alkali, if one 
hydrogen is present in the asymmetric group, but not otherwise. 
Mandelic and phenyl p-tolyl acetic acid are readily racemised, but 
not atrolactic acid nor yS-phenyl methyl propionic acid. 

CeHs . CH(OH) . COOH (CcH5)(C7H7)CH . COOH 

Mandelic acid. Phenyltolyl acetic acid. 

(CcH ^(CHa) . C(OH) . COOH (CcHgXCHa) . CH . CH^ . COOH 

Atrolactic acid. Phenylmethyl propionic acid. 

' Ckmipt. rend., 1868, 37, 162. < BuU. soe, ehim., 1872, 18, 201. 

' Meiaaner, Ber.^ 1897, 30, 1574. 

* Jupgfleiach, Compt, rend., 1877, 85, 805. 
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The reason advanced here is a tautomeric change (p. 814) in which 
the hydrogen in the asymmetric group attaches itself to the douhle- 
linked oxygen of the carhoxyl group under the action of the alkali, 
when the asymmetric carbon atom momentarily loses its activity. 

v^CH.CO.OH -^ uyj=c/ 
/ / \0H 

This can only occur in mandelic and phenyltolyl acetic acid, but 
not in atrolactic acid, which has no available hydrogen in the a-position, 
nor in phenylmethyl propionic acid, in which asymmetry is confined 
to the )8-carbon group.* 

There are many grounds for assimiing that such a change occurs 
in other chemical reactions.^ 

The production of racemic amino acids when proteins are hydro- 
lysed with alkalis (but not with acids) may be ascribed to the same 
cause, for Dakin ' has shown that active hydantoins with a hydrogen 
atom in a-position to the CO group readily racemise, but not otherwise. 

NH— CO— NH NH— CO— NH 

RCH CO RC C(OH) 

(raoemises) 

NH-CO— NH 

Kiv I I 
>C CO 

r/ 

(does not racemise) 

As the protein molecule consists of chains of amino acid groups, 
the analogy is readily understood. 

HN— CO— R HN— CO— R 

I -* I 

RCH— CO : NH . CHR . COOH RC==C(OH) . NH . CHR . COOH 

The racemisation of active compounds containing the group 
CH(NH2)R^R'^ such as occurs in tetrahydro )3-naphthylamine, which 
so frequently become inactive when acylated or liberated from their 
salts, is attributed by Pope and Harvey ^ to a transitory intermediate 
stage yielding an inactive compound. 

Riv yH Riv Riv M 

>C< -* )C=NH3 -* >C< 

k/ \NH3Cl Rg/ R/ \nH, 



^ Rothe, Ber,, 1914, 47, 848 ; M^'Kenzie and Widdows, Drans, Chem, Soc, 1916^ 
107, 702. 
> O. Aschan, Ber.j 1913, 46, 2162. > Amer. Chem, Jown,, 1910, 44, 48. 

* 2Vaitc Chwn, Soc, 1901, 78, 85. 



RACEMISATION 189 

The temperature of racemisation of some substances is quite low, 
and the change known as autoracemisation has even been found to 
take place spontaneously at the ordinary temperature. Walden - 
observed a gradually decreasing rotation in the esters of c2-bromo 
succinic acid and c7-phenyl bromacetic acid when kept for three or 
four years. During this period a few of the substances were 
completely racemised. 

In other cases, such as the polyhydroxy-aoids, where more than 
two asymmetric carbon atoms are present, racemisation on heating 
with water is never complete, but only a single asymmetric group 
is affected, and the process is known as partial racemisation.^ Tho 
subject, which is of special interest in relation to the formation of 
synthetic sugars, is more fully discussed in Part III, p. 6. 

In this connection it is interesting to learn from the investiga- 
tions of Winther ' that the racemisation of active tartaric acid by 
the action of alkalis takes place in two stages; one asymmetric 
carbon is first affected and then the other; in other words, the 
change is from the active acid to the meso form and from the 
meso to the racemic compound, a condition of equilibrium being 
finally established between the two latter. From experiments by 
James and Jones * it seems not improbable that racemisation in the 
ease of both malic acid and tartaric acids on heating is due to the 
removal and subsequent addition of a molecule of water, malic acid 
yielding fumaric acid, tartaric acid, and hydrozyfumaric acid as 
intermediate products. 

The mechanism of the process is capable of various interpretations. 
Van't Hoff° points out that in the convei*sion of one stereoisomer 
into the other, where the stability is slight, equilibrium will be 
attained when the inactive mixture is formed ; for it follows from 
the complete mechanical symmetry of the two isomers that the 
tendency to conversion is equal in both, and consequently the one 
present in larger quantity will always be converted in larger quantity 
until equal quantities of each are present. Werner ^ has suggested 
an ingenious mechanical device for representing the phenomenon, 
which disposes of certain difficulties, such as a readjustment of the 
bondsy or the actual separation of the groups from the asymmetric 
carbon during the reaiTangement. He constructs a model consisting 
of two circular wires or discs soldered at right angles at the two 

1 Ber.y 1898,31, 1416. 

* For examples of racemisation see Chr. Winther, Z^'t phys. Chun.j 1906, 66, 
466. 

' ZifiLphys. Chem., 1906, 56, 466, 720. * Trans. Chem, Soc., 1912, 101, 1158. 

> Ber., 1877, 10, 1620. * Werner's Stereochmu, p. 48. 
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ends of a common axis. Four differently coloured balls, pierced with 
holes, slip along each of the four wire semicircles into which the 
model is divided, and are retained in any position by elastic threads, 
which attach each ball to the centre of the common axis. The balls 
are arranged at the corners of an imaginary tetrahedron ay h^ c, dy 
Fig. 31 (I). Racemisation is supposed to be effected by increasing the 
amplitude of the vibrations of each ball, that is, by moving it farther 
on each side of its original position along the wire semicircle. Each 
pair of balls may be supposed to eventually swing so far that at one 
moment they lie in the same horizontal plane, (Fig. 31 (II). From this 
position, when the racemising agent is removed, the balls may return 
to their original, or pass over into o{^M»ai^e, hemispheres, as shown in 
Fig. 31 (III). As there is an equal chance of both changes occurring, an 
equal number of molecules of both kinds, that is, equal quantities of 






the two enantiomorphs, will be formed. That the second arrange- 
ment is the mirror-image of the first is easily demonstrated by turning 
the model Fig. 9 (III) upside down on its vertical axis. 



Conversion of Active Componnds into Active Berivatives. The 

possibility of converting an active compound into an active derivative, 
provided molecular asymmetry is maintained, has already been 
advanced in support of the present theory (p. 174). The activity of 
the derivative is not, however, a necessary consequence of the change, 
seeing that racemisation may occur during the process, in which 
case an inactive derivative results. 

It is possible, as Fischer and Brauns have shown, to interchange 
two groups in an active molecule and so convert one active form 
into its enantiomorph. This has been effected with (2-isopropyl 
malonaminic acid, which by successive conversion into the aminic 
ester, the acid ester, and the aminic acid gives the {-compound. 
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Hv X!O.NH, H. /CO.NH, 

X 



C8H,/\C( 



:ooH -c^/^Wh: 

<l-i80propyl malonaminic acid. 

H, X!OOH Hk .COOH 

C8H,/X)00CHs ~* CgH/ \cONHs 

2-isopropyl malonaminic acid. 

Such a process of inversion is readily understood ; but there is 
another form of inversion brought about by the replacement of one 
group by another in an active compound, giving rise to a derivative 
of epposite sign, and is not so easily explained. 

Optical or 'Walden' Inveandon^ When studying the action 
of reagents on the active chlorosuccinic acids P. Walden* found 
that by replacing chlorine by hydroxyl in the lapvo compound, 
using a strong base (potassium hydroxide or ammonia), c^malic acid 
is formed, but if silver oxide or water is employed the ^acid is 
obtained. The same thing occurs if the dextro-chlorosuccinic acid 
is used, that is to say, potassium hydroxide gives a malic acid of 
opposite sign and silver oxide one of the same sign. Walden has 
studied the action of a variety of metallic oxides in the same way, 
and has shown that they form a series, the end members of which 
produce diametrically opposite effects in the character and amount 
of rotation, whilst the intermediate members form products which 
in sign and value lie between the two extremes. The hydroxides of 
the strong bases, rubidium, potassium, ammonium, copper, cadmium, 
barium, lead, and sodium, cause inversion of sign in different degi-ees, 
whereas those of silver, thallium, and mercury produce a malic acid 
having the same sign as the original malic acid. 

Further, phosphorus pentachloride converts Z-malic acid into 
£{-chloro6UCcinic acid and d-msAic acid into ^chlorosuccimc acid. 
Pasteur ^ had previously shown that nitrous acid converts ^asparagine 
into 2-malic add, whilst Tilden and Marshall^ found that nitrosyl 
chloride yields ^chlorosuccinic acid. 

The following scheme, taken from Walden's memoir, shows the 
cycle of changes described above, from which it follows that the 

^ An excellent summary of the snbject is given in the AnmuU Reports pf the 
C^aniood Society f 1911, p. 60 ; the BriHah Assoc, Report, 1912, p. 687, by A. M'^Kenzie ; 
and the Presidential Address to the Chemical Society, by P. Frankland ; TrcmB. 
Cham, 5oc., 1918, 108, 717. 

s Ber., 1896, 28, 1287 ; 1896, 29, 188 ; 1897, 80, 2795, 8151 ; 1899, 82, 1841. 

* Ann. Ch«m, Phys,, 1852, 84, 46. * Trans, Oum. Socj 1895, 67, 494. 
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sign of rotation of the active chlorosuccinic and malic acids may be 
interchanged at will, and that Z-aspartic acid may be transformed 
into either ^ or d-chlorosuccinic or malic acids. 

^Or' J. {-ohiorosuccinio — ^ d-niulic acid. 

I-a-spartio acid. Ag«0 Ag.O 

^AV> Z-malic acid, ^?;t> d-chloroauccinic acid. 

Now it does not follow that a change of sign of rotation represents 
an abnormal reaction, for there are numerous cases where such 
a change occurs without assuming change of configuration. For 
example, the active amyl alcohols, when heated with halogen and 
other acids, yield halide derivatives and esters of opposite sign, and 
the introduction of acyl groups into malic and tartaric ester produce 
derivatives of opposite rotation from those of the unsubetituted ester. 
On the ground that the strong bases probably interact by ionisation, 
producing direct substitution of hydroxyl for halogen, whereas the 
weak bases are likely to form additive compounds, Walden concluded 
that the action of potassium hydroxide and also of phosphorus 
chloride represent a normal and silver oxide an abnormal change. 
This view has not been supported by the later experience of Fischer ^ 
and M^'Kenzie' and their collaborators, who have studied many 
examples of optical inversion. Fischer observed the following 
cyclic series of changes: 

NH, Ag,CO, f Mactic acid, 

d-alanine. < — d-a-bromopropionic ncid. ( 

I I KOH \ ((-lactic acid« 

NOBr NOBr 

i I 

2-a-broinopropionic acid. — > ^alauino. 

NHs 

Here it will be seen that potassium hydroxide yields a lactic acid 
of the same sign, and silver carbonate one of opposite sign to that 
of the halogen acid, whilst the action of ammonia on the halogen 
acid, or on its ester, produces an amino acid ot the same sign, and 
that of nitrosyl bromide, on the free alanine, a halogen acid of opposite 
sign. All these reactions exhibit the reverse changes to those shown 
in Walden's table. Fischer regards the action of silver carbonate on 

^ Ber., 1907, 40, i89. ^ j^an$. Ckem. Soc, 1908, 83, 811, 
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the halogen acid as abnormal, since, if the latter is first combined 
with glycine to form Z-a-bromopropionyl glycine, and then treated 
with the silver salt and hydrolysed, the lactic acid thus obtained is 
the laeyo compound. 
L OH3.CHBr.CO.NHCH2.COOH -> i. CH3.CHOH.COOH 

{-a-Bromopropionyl glycine. Miactic acid. 

For similar reasons Fischer considers the action of nitrosyl 
bromide on the free amino acid to be abnormal, but that of ammonia 
to be normal, for when nitrosyl bromide acts upon alanine ester in 
place of alanine, the bromopropionic acid thus prepared shows no 
change of sign ; there is also no change of sign if a-bromopropionic 
acid is converted into alanine by first uniting it with potassium 
phthalimide and then hydrolysing the product. 

CO CO 

CaH4<f^NK + BrCH.C00H -»► CeH4<Q>N . CH . COOH 

CO 
-* CeH4<^\o + NH2.CH.COOH 

^ Ah3 

Moreover, when trimethylamine acts upon (^a-bromopropionic acid 
it yields the same ^betaine as that obtained from the action of 
methyl iodide on <2-alanine,^ 

N{CH3), 

Z-Trimethyl propiobetaine. 

and therefore the action of ammonia by analogy should give a similar 
result. 

Parallel results have been obtained with ^bromosuccinio acid, 
which with ammonia gives d-aspartio acid, whilst ^a8x>artic acid 
with nitrosyl bromide gives 2-bromosuccinic acid ; ^aspartic ester, 
on the other hand, gives d-bromosucdnic acid. From this it might 
be inferred that nitrosyl bromide always reacts abnormally, and that 
silver and potassium hydroxide act in a contrary sense. That this 
is not so will be seen from the following table : ' 



1 Ber., 1907, 40, 5000. 

s Fischer and Scheibler, Ber., 1908, 41, 889, 2891. 
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NOBr 
Z-yaline. ^I^ d-a-bromoisovaleric acid 

AgaO 
HNO, KOH 

i i 

(i-hydroxy-isovaleric aoid. 

Here nitrosyl bromide and ammonia on the one hand, and potassium 
hydroxide and silver hydroxide on the other, act in the same sensa 
If, however, d-a-bromoisovalerio acid is first converted into the 
glycine derivative, the reverse changes are produced, indicating that 
both the former are abnormal. 

NHs H,0 

(i-a-bromoisoiralerylglyoine. — > d-valylglycine. — > d-valine. 

Thus, as Fischer ^ has shown, the successive action of nitrosyl bro- 
mide and ammonia on ^valine gives the original product, from 
which it follows that the latter undergoes a double inversion during 
the process. 

Phosphorus pentachloride, which was supposed at one time to act 
always normally, has been shown to produce, like the other reagents, 
varying results on the configuration of the product. The following 
scheme has been worked out by M^Kenzie and Clough : ' 

HNO, 

d-mandelie aoid. < — ^phenylgl7oine. 

Ag,CO, I I PCI5 ^«0^ NOBr j | NH, 



2-phenylohloracetio acid. _ — ^^ d-phenylchloracetio acid. 



d-phenylglycine. — > 2-mandelic aoid (or 

HNOg 2-metliozy-mandelic aoid). 

If the action of phosphorus pentachloride is normal (as originally 
suggested, seeing that the reagent produces the same result with the 
mandelic esters) that of silver hydroxide is also normal, whilst 
sodium methoxide and hydroxide behave abnormally. It should 
be stated that in most of the above changes a considerable amount 
of racemisation occurs. 

If thionyl chloride is substituted for phosphorus pentachloride 
the opposite change occurs, that is to say, mandelic acid, as well as 
its ester, gives a chloro-acid of the same sign, and the same is the 
case with the a-hydroxy-j9-phenylpropionic acid and the phenyl- 
methyl glycollic' acids.^ 

1 Ber., 1908, 41, 2891. 

9 Trans, Chem, Soc,, 1908, 98, 811 ; 1909, 96, 777. 

9 M^Kenzie and Barrow, Trans, Chem. 80c,, 99, 1910. 

4 M«Kenzie and Clough, Trans. Chem, Soc.^ 1010, 97, 1016, 266G. 
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CeH,v .OH soci. C,H, .01 

CH3/ \COOH CH3/ \C00H 

PCI, j I Ag,0 Ag,0 j I PCI5 j 

^c^sv y^l CflHfiv vOH I 

CH3^ "^OOOH ^^^'* ' CHa-^ \3OOH 



The fact that both acid and ester give chloro acids of the same sign, 
but in the inverse sense, with the two reagents (PCI5 and SOCy 
leaves it doubtful as to which represents the normal and which the 
abnormal reaction. It should be added that this difiFerence in 
behaviour is not invariably true, for malic acid gives the same active 
chlorosuccinic acid with either reagent. We may therefore conclude 
that in all the above reactions, which include replacement of hydrozyl 
by halogen and the reverse, halogen by amino group and the reverse, 
and amino group by hydrozyl, it is impossible to predict the effect 
of the reagent on the configuration. 

The only regularity which has resulted from the study of these 
changes is that recorded by Frankland and Garner,^ namely, that the 
successive replacement of hydrozyl by chlorine and the latter by 
hydrozyl, using thionyl chloride followed by silver hydrozide, leads to 
inversion, and of the two alternative routes that represented by (2) has 
been shown to be followed by lactic acid ; that is, where an alkyl group 

d. X.Cl -»^ I X.OH (1) 

/ • 
d.X.0H(S0Cl2) 

\ 
I. X.Cl -♦ I. X.OH (2) 

is attached to the asymmetric carbon atom. If the change of sign 
represents change of configuration, then the final hydrozy compound 
will have the same sign and configuration as the halogen compound. 
A somewhat different case from any of the above is the reversal of 
sign produced when c^epibromhydrin is converted into Z-epichlorhy- 
drin through the successive action of hydrogen chloride, which gives 
chlorobromo-isopropyl alcohol, and potassium hydrozide, which 
eliminates hydrogen bromide.* 



1 Trana. Otem. Soc^ 1914, 105, 1101. 

• Abderhalden and Eichwald, Ber^ 1916, 48, 1847. 

o 2 
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CHj.CH.CHjBr -* CHjCl . CH . OH . CH,Br 

O 

d-epibromhydrin. Cblorobromoisopropyl aleohoL 

— ^ CHjGl . CH • CHj 

o 

Z-epiehlorhydrin. 

So far we have considered only those eases in which carboxyl is 
attached to the asymmetric carbon atom in the a-position, and the 
question arises as to whether a /^-asymmetric carbon atom of an acid 
gives rise to the same kind of inversion. 

Experiments have been carried out in this direction by Fischer 
and Scheibler ' with {-^-hydroxy butyric acid and its methyl ester. 
Both give with phosphorus chloride a chloro-acid of opposite sign, 
which silver oxide and water convei-t into the original laevo acid. 
It may be assumed, therefore, that no inversion occurs. H<^Eenzie 
and Humphries' found in the same way that J-)9-amino-phenyl pro- 
pionic acid and its ester yield with nitrous acid the same laevo acid. 

But later experiments by Fischer and Scheibler* on the action of 
nitrous acid on )9-amino butyric acid point in the opposite direction, 
as the following scheme shows : 

HNO, 
d. CH3.CH(NH2).CH2.COOH -> I CH3 . CH(OH) . CH^ . COOH 

I NOCl 

I CH3 . CHCl . CHg . COOH -> d CH3 . CH(OH) . CHg . COOH 

This observation is confirmed by M<'Kenzie and Barrow/ who found 
that d-)8-hydroxy phenyl propionic acid yields with hydrochloric acid 
or phosphorus pentachloride a chloro-acid of opposite sign, which 
water reconverts into the original hydroxy-acid ; thionyl chloride 
has an opposite effect, and consequently in one of these changes 
inversion must occur. 

SOCl, 



cL G0H5 • CH 

PC1.1 



PH).CHa.COOH -^ d CeHj . CHa . CHg . COOH 

' H,0 H,0 j I PCI, 

I CflHfi . CHCl . CHa . COOH <- I CeHg . CH(OH) . CHj, . COOH 

SOOl, 

We have now to consider the theories which have been suggested 
to account for the phenomenon of optical inversion. 

1 Bar,, 1909, 42, 1219. * Trans. Ckrnn. Soc., 1910, 07, 121. 

> Annaim^ 1911, 883, 887. * Trans. Chem. Soc., 1911, 90, 1916. 
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The facfc that Fischer obeenred certain bromine additive comi)ounds 
when nitrosyl bromide acted upon alanine and aspartic acid led him 
to view the initial stage in the action of a reagent as an additive 
process. Thus, by the residual a£Bnity of the asymmetric carbon 
atom (or of some neighbouring atom), ammonia, for example, may 
dissociate and attach itself to bromopropionic acid in the manner 
indicated by dotted line& 

Rr 
COOHv I xH 

CHs^^NHa 
H 

When hydrogen bromide is subsequently detached, the amino 
group may either take the place of the bromine atom (normal reaction) 
or there may be a rearrangement in which one of the other groups 
steps in with change of sign (abnormal reaction^ or, finally, both 
reactions may occur, when more or less racemisation will be produced, 
such as has been observed in the case of mandelic acid and its 
derivatives (p. 187). 

One objection, which has been raised to Fischer's theory, is the 
behaviour of trimethylamine with a-bromopropionic acid, previously 
described, in which the dissociation of the base, as formulated in the 
case of ammonia, is improbable. Moreover, the theory leaves unex- 
plained the reason why the groups in an abnormal reaction should 
change their positions, a process which would appear to entail much 
more racemisation than is usually observed.' 

Werner ^ offers a similar, but modified, view of the phenomenon. 
The reagent forms an additive compound, as explained by Fischer, 
by virtue of the residual affinity of the asymmetric carbon atom, 
which attaches it to the outer zone, and by whose attraction the 
new group tends to enter the inner zone. At the same time the 
formation of the additive compound loosens the attachment of the least 
stable of the original groups. The position taken up by the entrant 
group will be determined by the nature of the groups already present ; 
but it does not necessarily follow that the former will take the place 
of the one expelled. Werner explains the case of the replacement 
of hydroxyl by a halogen by the formation of an additive compound 
with the halogen acid and subsequent removal of water. 

R^C . OH + HX - [R3C0Ha]X 
[RaCOHjJX = RgCX + H^O 

1 Blilmann, ArmaUnj 1912, 888, 880. > &r., 1911, 44, 878. 
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The attraction of the central carbon atom is exerted through the 
four planes of the tetrahedron ABD, AB(OH), AD(OH), BD(OH). 

B 



< 



OH 



If the attraction for the halogen is exerted by one of the last three 
planes, the configuration of the halogen derivative will correspond 
to that of the original hydroxy-compound ; but if the attraction is in 
the direction of the plane ABD then the mirror image of the first 
will result Again, if the halogen is to be replaced by hydroxyl, 
by the aid of a metallic hydroxide, an additive compound of the 
structure 



A D 

C 
B ClMe 



Me «= metal 
OH 



will first be formed, and the attraction of the central carbon atom 
for hydroxyl will depend on the nature of the metal which attaches 
itself to the halogen. If this attraction is exerted through one of 
the planes ABCl, ADCl, or BDCl, the hydroxy-compound will cor- 
respond in configuration to the halogen compound. Otherwise the 
enantiomorph will be formed. 

Gadamer^ has suggested a mechanism of the action of different 
metallic hydroxides on the halogen acids by which change of con- 
figuration may or may not occur without racemisation. When, for 
example, the chlorine is removed by silver hydroxide, the thi-ee 
residual groups, by their momentum, overshoot the equilibrium-point 
(which would otherwise bring them into the same plane as the 
carbon and so cause racemisation), and the hydroxyl group then 
attaches itself to the carbon so as to produce the opposite configura- 
tion. Moreover, the difference in the action of potassium and silver 
hydroxide is ascribed to the hydroxyl ions in the former case, pro*- 
ducing an intermediate additive compound with the chlorine, with 
subsequent loss of chlorine and rearrangement without change of 
configuration ; but to the silver icns in the latter case, which 
removes chlorine and produces the effect just described, with change 
of configuration. Other views have been put forward by Biilmann,' 
based upon Senter's investigation of the hydrolysis of halogen acids, 
in which it was shown that hydrol]^ is dependent on the degree 
of dissociation of the acid. He explains the mechanism by a differ- 

1 Oum, Zeit,f 1912, 86, 1827. > Annalen, 1912, 888, 880. 
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ence in the nature of the salts. Hydroxylation of the potassium 
salt is slow, and is effected by means of hydroxyl ions leading to 
a change of configuration, whilst with the silver salt it is rapid, and 
is produced by the silver ions, which unite with the halogen of the 
anion forming the unionised silver halide thus : 

CH3 CH3 

I + I 

CHBr +Ag = CH+ +AgBr 



CO2- COji- 

The anion then combines with the hydroxyl ion of the water: 

CH3 CH3 

CH+ +OH«CHOH 

I I 

COa- COj- 

• 

In this way no change of configuration is assumed to occur. The 
result is, therefore, the reverse of that required by Gadamer's theory. 
In the action of nitrous acid on an amino compound with replace- 
ment of the amino group by hydroxyl, direct substitution occurs, 
and there is no change of configuration ; the action of the nitrosyl 
chloride and bromide is of the same character, whereas the effect of 
these reagents on the amino ester, which probably forms the inter- 
mediate diazo ester, may lead to a change of configuration. This 
view receives some support from an observation of Fischer/ on the 
one hand, and of Levene and La Forge * on the other. The former 
has shown that glucosaminic acid and its ester yield stereoisomeric 
hydroxy-acids ; the latter has isolated from the benzal derivative of 
the ester the intermediate diazo compound. In other words, direct 
substitution is assumed to produce no change, indirect substitution a 
change of configuration. It is difficult to understand why racemisa- 
tion does not occur in all these cases where the fourth asymmetric 
group is even momentarily detached, or where, as in the case of the 
diazo ester, asymmetry is removed. 

Senter has recently shown that, in the hydrolysis of phenylchlor- 
acetic acid or the sodium salt in presence of water or alkali, it is the 
action of the water on the organic acid ion, and not the hydroxyl 
ions, which cause hydrolysis. That the solvent plays an important 
part in the process of inversion seems to follow from the observation 

^ ArmaJen, 1911, 881, 128 ; 1912, 886, 874. 
' Joum. BioL Chem., 1915, 21, 84G. 
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of Senter and Drew,^ who find that by the action of aqueous ammonia 
on active phenyl-chloracetic acid, active phenyl-glycine of the same 
sign is produced ; but in a solution of methyl cyanide an acid of 
opposite sign is formed.' 

It is clear from the foregoing that there is no criterion of a normal 
or abnormal change, and a satisfactory theory of optical inversion has 
still to be discovered. 

Asymmetric Synthesis. It was foreseen by the founders of the 
theory that asymmetric substances artificially produced from inactive 
materials would prove to be inactive. For it is clear from the identity 
in physical and chemical properties of the two enantiomorphs that 
there is no reason why a larger number of the one kind of molecules 
should be produced than of the other. This applies to the formation 
of an asymmetric carbon compound from a symmetric one, like 
bromopropionic acid from propionic acid, by substitution, or mandelic 
nitrile from benzaldehyde, by addition. It applies equally to the 
conversion of one asymmetric compound into another, such as inactive 
bromopropionic acid into lactic acid. Supposing, howtver, a new 
asymmetric carbon atom to be introduced into a compound which is 
already optically active, the question assumes another form. The 
new substance will be formed under asymmetric conditions, affording 
therefore the possibility of a product containing unequal quantities of 
the enantiomorphs relative to the new asymmetric carbon. E. Fischer 
was the first to show that this occurs in the formation of the synthetic 
sugars. For example, d-glucose forms two cyanhydrins in very unequal 
quantities, whilst d-mannose yields only one of the two possible 
derivatives.' 

Attempts were made by Cohen and Whiteley * to produce active 
substances under asymmetric conditions by reducing the pyruvic, 
mesaconic, and a-methyl cinnamic esters of Z-menthol, and by 
brominating menthyl cinnamate, and then removing the active 
menthol by hydrolysis. 

CH3 . CO . COOCioH„ -> CH3 . CH(OH) . OOOCioHi^ 

CeHfiCH : CCCHj) . COOCioHj » -♦ CeHgCHj . CHfCHg) . COOCioHj, 

C^HfiCH : CH . COOCioHu, -^ CeH^CHBr . CHBr . COOCjoHi, 

Fischer and Slimmer' attempted the same thing by introducing 
an as3rmmetric carbon atom into tetracetyl helicin by means of zinc 
ethyl, 

1 Trans, Chem, Soc, 1910, 97, 846 ; 1915, 107, 908. 

s Trans. Chem, Soc., 1915, 107, 638. > Hartmann, Annaleny 1892, 272, 190. 

« Trans. Chem, Soc.. 1901, 79, 1806. • Ber., 1901, 84, 629 ; 1908, 86, 2575. 
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/CHO XJH(C,H5)0H 

CgHZ + Zn(C,Hs), -. C.H,< 



and then removing the glucose molecule ; but again the results were 

negative. 

/CH(C,H.)OH 

OH 



CeHZ 



Harckwald ^ later announced that he had accomplished an asym- 
metric synthesis by heating the acid brucine salt of methyl ethyl 
malonic add to 170°, when carbon dioxide is split off and an active 
valeric acid is obtained, containing about 10 per cent, of the laevo 
compound. 



CHgv /COO(Brucine) CHo . M 

>c<; ^ >C<( 

C2H/ \C00H CaH/ \C00H 



+ C0 



2 



It is dear that the brucine salt is already an asymmetric complex 
before carbon dioxide is removed, and can therefore exist in two active 
forms in the same way as the monoethyl ester of mesotartaric acid 
(p. 178) ; but seeing that the brucine is active, the two will not be 
strictly enantiomorphous. There is therefore the possibility of a 
partial resolution being effected before decomposition by the forma- 
tion of unequal quantities of the two salts, in which case it would 
not represent a true asymmetric synthesis, but merely an ordinary 
process of resolution. 

H<^Eenzie and his co-workers,* using the methods suggested by 
Cohen and Whiteley, have been more successful. By the reduction 
of the 2-menthyl or 2-amyl esters of benzoyl formic acid and pyruvic 
acid they obtained on hydrolysis active mandelic and lactic acids. 
They also succeeded in converting menthyl benzoyl formate, by 
Grignard's method, into the ester of phenyl methyl glycoUic . acid, 
CeH5G(GHa)(0H)C00H, which also gave an active acid on hydrolysis.' 
Further, by oxidising the bomyl esters of fumarie add they obtained 
active tartaric acids, the 2-borneol ester giving the Z-acid and the 
d-bomeol ester the d-ajcid,* 

Other methods of asymmetric synthesis have been introduced by 
the use of enzymes. Bosenthaler' has shown that by combining 
aromatic aldehydes with hydrocyanic acid in presence of emulsin, 

1 B«r., 1904, 87, 849, 1868. 

> Tram, (^em, 80c, 1901, 70, 1805; 1904, 85, 1249 ; 1909, 05, 544. 

' Trans, Chem. Soc, 1906, 88, 865. * Trans, Chem, Soc.j 1907, 01, 1215. 

B Bioehem. ZeU.y 1909, 14, 288 ; 17, 257. 
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active cyanhydrins are formed, and Bredig and Fiske ^ have obtained 
similar results by effecting the union in presence of an active alkaloid. 
Quinine yields the cyanhydrin of 7-mandelic and quinidine of 
d-mandelic acid. The alkaloid appears to act as a catalyst by 
entering into union with the compound. 

Physical methods have also been used for effecting the same 
purpose, but so far with only negative results. The fact that succinic, 
malonic, and cyanacetic acid lose carbon dioxide in presence of 
uranium salts when exposed to light led Henle and Haakh ' to try 
the effect of polarized b'ght, when passed through a magnetic field, on 
asymmetric derivatives of these acids, but without the desired result, 
and other photochemical reactions with circularly polarized light have 
been equally fruitless.' 

In conclusion, it may be remarked that Pasteur's view, according 
to which asymmetric synthesis is to be regarded as a prerogative of 
life, has given rise to some discussion. Professor Japp, in his presi- 
dential address to the chemical section of the British Association in 
1908, has adhered to Pasteur's view ; for, as he truly says, where the 
active substance is not directly elaborated by the organism, but pro- 
duced by such methods as described above, 'a guiding power is 
exercised by the operator which is akin in its results to that of the 
living organism and is entirely beyond the reach of the symmetric 
forces of inorganic nature. Only the living organism with its asym- 
metric tissues, or the asymmetric products of the living organism, 
or the living intelligence with its conception of asymmetry, can bring 
about the isolation of the single asymmetric compound/ 

Baoemic Compounds and Miztnros. It has already been stated 
(p. 176) that there are two classes of inactive substances which can 
be resolved into their enantiomorphs, and which, in the solid form 
at least, present considerable differences in their properties. They 
are known as racemic compounds (r) and mixturea (cQ)« They 
usually differ in crystal form, in the amount of water of crystalliza- 
tion, in density, solubility, and melting-point. The best-known 
example is racemic acid, and the active tartaric acids and their salts. 
Bacemic acid and the racemates crystallize in holohedral forms, the 
tartrates form hemihedral crystals. Racemic acid contains one 
molecule of water of crystallization ; the active tartaric acids are 
anhydrous. The solubility of racemic acid in water is greater than 
that of the tartaric acids. 

1 Biochem, Zeit,, 1912, 40, 7. > Ber.y 1908, 41, 4261. 

s Freundler, Ber., 1909, 42, 288 ; CottoD, J, Chim, Fhys., 1909, 7, 81 ; Ouye and 
Drouginine, J, Chim. PAyt., 1909, 7, 97. 
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As a nile the racemic compounds are less soluble, but it is not 
invariably so. r-Mandelic acid is more soluble than the active forms. 
The following are the melting-points and densities of some active 
and racemic types : 





A 


1 


dl 


r. 


fH. 


1 
r. 1 


Malic acid 
Tartaric acid 
Ghloroeuccinio acid 
Handelio acid 
Gamphorio acid 


1-695 
1-764 
1-687 
1-341 
1-186 


1-601 
1-666 
1-679 
1-300 
1-228 


100" 

170 

176 

180 

187 


130-181" 

140 
168-164 
118-119 
202-208 



The evidence afforded by molecular weight determinations, both 
by the vapour-density and cryoscopic methods, as well as that 
derived from conductivity determinations, points to dissociation 
more or less complete of the racemic form into the inactive mixture 
on vaporisation or solution. 

The criteria for distinguishing the two classes of compounds have 
been set forth in a very comprehensive manner by Bakhuis Rooze- 
boom,^ based on the phase rule. They are limited to the substances 
in the solid state. One method of Roozeboom consists in deter- 
mining the melting-point of the substance under examination, and 
then adding a small quantity of one or other of the enantiomorphs. 
If a mixture is present, the melting-point will be raised ; if the 
substance is racemic it will be lowered. This result will be clear 
from the following considerations. 

The melting-point curve of the mixture of two enantiomorphs 
will be represented by a descending and ascending curve ; for as 
the two substances do not combine, although they possess the same 
melting-point, they may be regarded as distinct individuals, and 
consequently the addition of successive small quantities of the one 
enantiomorph will lower the melting-point of the other until an 
equal quantity of each is present. When the quantity of the second 
enantiomorph exceeds that of the first, the reverse change will occur 
and the melting-point will rise until the original melting-point is 
reached. It the quantities of laevo and dextro compounds be marked 
off on the horizontal Id, and the melting-points of the mixtures on 



> Zeit phys. Chem., 1899, 28, 494 ; see also The Phase Btde, p. 214, by A. Findlay, 
Longmans, 1904. 
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the verticals Za and dh, the curve will follow the lines ac, cb, the 
minimum c representing equal quantities of the two enantiomorphs, 
that is, the inactive mixture. 




I d 

It therefore follows that the addition of one or other enantiomorph 
to the inactive mixture will raise the melting-point. 

In the case of a raoemic compound, the addition of either enantio- 
morph will produce melting-point curves of the following character : 





I r d 

For there are three individuals concerned, the dextro and laevo 
enantiomorphs which possess the same, and the racemic compound 
which has usually a different (higher or lower) melting-point. The 
curve may, therefore, be divided into two parts, each of which may be 
compared to the previous case of a simple mixture of two substances. 
If a represents the melting-point of the pure laevo compound, and 
c that of the racemic compound, and the percentages of the two be 
marked off on the horizontal Id, the curve will lie along ag, gc 
The second half will be the counterpart of the first. By the addition 
of either enantiomorph to a racemic compound, the melting-point 
will consequently be lowered. 

It is obvious that the above methods cannot be applied to liquids 
which cannot be examined in the crystalline state, and the determina- 
tion of the existence of a racemic compound or externally compensated 
mixture in such cases offers certain difficulties. Ladenburg ^ suggested 
that change of temperature on mixing the two enantiomorphs would 
indicate the existence of a racemic liquid, but such a view has been 

1 Ber,, 1894, 27, 8062 ; 1916, 26, 164. 



BACEMIC COMPOUNDS AND MIXTUKES 



206 



shown to be untenable.^ Other methods which have been suggested 
are molecular volume, viscosity values,^ absorption power,' refractive 
index, magnetic rotation/ and molecular weight as determinated by 
Kamsay and Shield's surface tension method.^ In most cases, how- 
ever, the effect of dissociation or association leaves the result doubt- 
ful, and, in spite of the large accumulation of data, none of the 
methods employed can be said to have definitely established the 
existence of racemic liquids. 

Fseudoraoamio lEixtnres. It is conceivable that the two 
enantiomorphs form neither a mixture nor a molecular complex, 
but are isomorphous and form mixed crystals. The effect on the 
melting-point produced by the addition of either enantiomorph will 
depend upon the composition of the mixed crystals which separate 
from the fused mass. If the crystals possess the same composition 
as the liquid mixture, the curve will be a horizontal line, and the 
addition of either enantiomorph will cause no change in the melting- 
point ; otherwise it may produce a depression or rise, according to 
whether, on the addition of the active substance, the mixed crystals 
which separate from a mixture of the two enantiomorphs have a 
higher or lower melting-point than either constituent. 

Examples of all three kinds of mixed crystals are known. 
Mixtures of dextro and racemic forms of 1-amyl 8-nitro and 2-amyl 
^nitro phthalic esters melt at the same temperature, the first 
at 116° and the second at 155°, and the same has been observed in 
the case of the active and inactive forms of the camphoroximes 
(M. P. 115°) and of the amylphenyl carbamates (M. P. 81°). Mixed 
crystals showing a minimum melting-point are represented by the 
amyl carbamates and others showing a maximum melting-point by 
the carvoximes. 



116' 




93-4 




1-Amyl 8-nitro pbthalie Amyl carbamate. Garvozime. 

eater. Melting-point corvea of Pseudoraoemio Mixtures. 

1 Adriani, ZeU. phys. Chem., 1900, 33. 458. 

> Dunstan and Thole, Trans. Chem. Soc, 1908, 03, 1815; 1910, 07, 1249 ; 1918, 
103, 19. ' Stewart, Traru. Chem, Soc.^ 1907, 01, 1587. 

« Pope and Peaehey, TVoiu. Ch§m, Soc., 1899, 75, 1111 ; BrtthI, Tram, Chem. 8oe.y 
1907, 01, 115. 

B Mitchell and Smith, Trans. Chem. Soe,, 1918, 103, 489 ; Or6h. Ber,, 1912, 45, 
1441. * Marckwald and Nolda, Ber., 1909, 42, 1583. 
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An interesting case of a paeudoracemic mixture is presented by the 
four substances obtained by combining the two active tetrahydro- 
quinaldines with the two active hydrozymethylene camphors (p. 185). 
Any two of these will crystallize together, and in this way two 
racemic and four pseudo-racemic mixtures are produced.^ 

A second method proposed by Boozeboom for determining the 
character of the two classes of inactive substances is based on solu- 
bility. The saturated solution and the inactive material in contact 
with it are in equilibrium at constant temperature. If the inactive 
substance is a mixture, the addition of either enantiomorph will not 
affect the number of phases, and no change in solubility will occur. 
If the inactive material is a racemic compound, the addition of one 
of the enantiomorphs will introduce a new solid phase, and an altera- 
tion in the concentration of the solution will result. This method 
may be combined with the use of the polarimeter. In the first case 
there is no change in the solution and it will remain inactive ; in the 
second case the solution will contain a certain amount of active 
substance which will be revealed by the polarimeter.* 



Bacemic Compounds. In addition to racemic com- 
pounds which are formed by the union of optical enantiomorphs, 
other active substances which are not structurally related may also 
crystallize together in the form of double salts. The phenomenon 
was first observed by Pasteur, who obtained crystals of the ammonium 
salt of d-tartaric acid in combination with an equimolecular propor- 
tion of the acid ammonium salt of ^malic acid. Another form of 
combination, to which Ladenburg' has given the name oi JPartiaUy 
Racemic Compounds, has been observed in the case of pyrotartrate 
of quinine, which forms three series of salts, from one of which the 
(2-acid, from a second the 2-acid, and from the third the inactive acid 
was separated. The quinine in the third case must therefore have 
combined with the unresolved racemic acid. Another partially 
racemic salt with an inactive base was prepared by Pope* from 
r-tetrahydropapaverine and i-tartaric acid. It naturally follows that 
the existence of partially racemic compounds may and, indeed, has 
been found to increase the difficulty of resolving certain inactive 
substances.*^ 

1 Pope and Bead, Trans, Chem. Soe., 1918, 109, 1515. 
B See Findlay^s Phase Rule, p. 278. 
9 Ber,, 1898, 81, 524, 987, 1969 ; 1899, 82, 50. 

* Trans, Chenu Soc., 1898, 78, 902 ; see also Ladenberg and Fischl, Ber., 1907, 
40, 2279, and Ladenburg and Hermann, Bsr., 1908, 41, 966. 
B Pope and Read, Trans, Oiem, Soc., 1910, 07, 987. 
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Tlie Vnmber of Stereoisomers. The number of possible stereo- 
isomers increases with that of the asymmetric carbon atoms. We 
have seen that if one asymmetric carbon acid is present, two stereo- 
isomers exist ; if there is a second asymmetric carbon atom which is 
structurally dissimilar from the first, four stereoisomers are possible. 
Denoting the asymmetric carbon atoms by A and B, and the rotation 
by -f and — , the following four combinations may be' formed : 

1, -f A 2. +A 3. -^A 4. -A 

+B -B 4-B -B 

of which 1, 4, and 2, 3 are enantiomorphous pairs. The trihydroxy- 
aldehydes (erythroses) furnish an example, although only three out of 
the possible four are actually known, 

CHO . CH(OH) . CH(OH) . CH,OH. 

With three asymmetric carbon atoms A, B, C, eight stereoisomers 
are possible, which may be derived from the above four by adding 
+ C and — C alternately to each member. 



1. +A 


2. +A 


8. +A 


4. +A 


+B 


+B 


-B 


-B 


+c 


-C 


+c 


-C 


5. -A 


6. -A 


7. -A 


8. -A 


+B 


+ B 


-B 


-B 


+c 


-C 


+c 


-C 



The enantiomorphous pairs in this case are evidently 1, 8 ; 2, 7 ; 
8, 6; 4, 5. 

With four asymmetric carbon atoms A, B, C, D, the number of stereo- 
isomers is increasecl to sixteen, for each of the foregoing yields two 
derivatives by adding + D and — D, as follows : 



A 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


B 


+ 


+ 


+ 


+ 


— 


— 


— 


— 


C 


+ 


+ 


— 


— 


+ 


+ 


— 


— 


D 


+ 


— 


+ 


— 


+ 


— 


+ 


— 




1 


2 


8 


4 


5 


6 


7 


8 
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B+ + + + ---- 

C+ + -- + + -- 

D+- + - + - + - 

9 10 11 12 18 14 15 16 

Thus the number of stereoisomers, in which n represents that 
of the asymmetric carbon atoms, is given by the expression 2*. 
Examples of stereoisomers with three and four carbon atoms are 
given in the chapter on sugars (Part III, p. 13), where the method 
of determining their configuration is also discussed. 

If the asymmetric carbon atoms are not structurally distinct, as 
in the case of tartaric acid (p. 176), the above expression must be 
modified, for the inactive indivisible type is introduced and the 
number of active forms is consequently fewer. Thus, if A and A 
represent two similar asymmetric carbon atoms, the following 
combinations may occur : 

1. +A 2. +A 3. -A 4. -A 

+ A -A +A -A 

It is obvious from what has been previously explained that 2 and 
3 are identical and correspond to the meso type (p. 178). Thus, 
instead of four, the number of stereoisomers is reduced to three, namely, 
two active and one inactive, by internal compensation. 



Fsendo-Miywiiietry. If there are two similar asymmetric carbon 
atoms attached to a central carbon, which, in addition, binds two 
different groups as in trihydroxyglutaric acid, 

COOH . CH(OH) . CH(OH) . CH(OH) . COOH 

the problem becomes more involved. If A and B represent as before 
the asymmetric carbon atoms and C the central carbon atom, the 
following combinations are possible. Let us assume, in the first place, 
that the end groups A and A have the same configuration, that is, are 
both + or both — ; they are identical, and the central carbon 
possesses no asymmetry. Suppose, however, that the end groups 
have a different sign, two things happen ; the activity of the end carbon 
groups is neutralized, but, at the same time, the central carbon atom 
beoomes asymmetric and can exist in enantiomorphous forms. Four 
stereoisomers are thus possible, two active and two inactive, belonging 
to the meso type. They may be denoted by the following scheme, 
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in which O stands for absence of central asymmetry, and +0,-0 
for enantiomorphous configuration of the central carbon : 

1. +A 2. -A 3. +A 4. +A 

O O +C -C 

+ A -A -A -A 

Experiment in the case of the trihydrozygluiaric acids supports 
this conclusion, for there are four stereoisomers, namely, two active 
and two inactive, which will probably have the following configura- 
tions: 

COOH COOH , COOH COOH 



OH- 
OH- 



H- 



-H 
H 



H- 
H- 



OH OH- 



-OH 



H- 



OH OH- 



-H 



H 



COOH COOH 

m. p, 127* fit. p. 127* 

d- and l-Trihydroxyglutario acids. 



-OH H- 



H 



H- 



-OH H- 



-OH 
OH 



OH 



COOH COOH 

m, p. 162*' m. p. 170-171° 

t-Trihydrozyglutario acids. 



The case is a curious one, for, although the central atom C in the 
two inactive forms has no effect on the sign of rotation, it produces^ 
by virtue of the difference in configuration, a change in the properties. 
This form of asymmetry is known as pseudo-cisymmetry. 

Stereoisomers with two pairs of Asyxnmetrio Cartens. If 
the two end and two central carbon atoms of an open chain form two 
pairs of structurally similar asymmetric groups, A and B, as in the 
saccharic acids, 

COOH . CH(OH) . CH(OH) . CH(OH) . CH(OH) . COOH 
ABBA 

the number of isomers is no longer represented by the expression 2", 
which would give sixteen in the present case, but is reduced to ten. For 
when A, A and B, B have opposite signs inactive forms are produced 
of the meso type^ which reduces the number by two, whilst each outer 
or inner pair may separately form a neutral group, which reduces it 
by four more. In the scheme on pp. 207, 208, configurations 4, 18 and 
6, 11 become meso forms and represent two stereoisomers, whilst 
2, 9 ; 8, 14 ; 5, 12 ; 8, 15 contain one neutral group and represent 
four instead of four pairs of stereoisomers. 

Asjmmetrio Carbon in C^olio Componnds. The optical activity 
of cyclic compounds has been traced to the same cause as that which 

PT. II p 
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determines the rotation of open chain compounds, namely, the presence 
of an asymmetric carbon atom. The asymmetric carbon may form 
part of the ring, as in camphoric acid,, or be present in the side^hain 
as in hydrobenzoin. 



CHj- 



CHj 

-O 

I 

CXI3  C > CH3 

I 

CHg CH COOH 

Camphoric acid. 



COOH C,H5.CH(0H) 



C«Hs . CH(OH) 

Hydrobenzoin. 



Stereoisomerism is manifested in the same manner as in open chain 
compounds, the only difference lying in the unusually larger rotation 
caused by the cyclic formation. If one asymmetric carbon atom is 
present as in conine, two optical enantiomorphs exist. 

CH, 
HgC/^CHa 

S^Cf< JCH • CH, • CH, > GII3 
NH 

Conine. 

If two structurally different asymmetric carbon atoms are present, 
as in camphoric acids, two pairs of enantiomorphs ((27-camphoric and 
(K-isocamphoric acid (Part III, p. 245)) are produced. If the two 
asymmetric carbon atoms are structurally similar two active forms 
(({{-isohydrobenzoin) and one meso form (hydrobenzoin) can exist. 
The case is in fact precisely analogous to that of the tartaric acida 
The symmetrical dialkyl succinic acids which exist in two inactive 
(racemic and meso) forms (p. 179) find a counterpart in the hexa- 
hydrophthalic acids (see p. 264). But, unlike the alkyl suocinio 
acids, the racemic form of hexahydrophthalic acid ^ has been resolved 
into its enantiomorphs. 

For simplicity the two enantiomorphs and the meso form of 
hexahydrophthalic acid are represented by hexagons, which must 
be viewed as if in perspective, that is, in a plane at right angles to 
that of the paper. The angles are occupied by the carbon atoms 
(omitted), to each of which two bonds are attached at right angles 
to the hexagonal surface. 



* Werner and Conrad, Bar., 1890, 83, 8046. 
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H 



•a 



Hi 






H 
COOH H 






"COOH Hood 

tf- and I-HexahydrophUialio aoida. 

iH H. 





COOH 

t-Hexahydrophthalic acid. 

Fi«iido-fymM0ts7 In C^yolio Ck>mpaimcbi. A curious example of 
an inactiye indivisible type is afforded by the diketohexamethylene 
deriyatiyeB and the diketopiperazines of the following formulae ^ : 

? .NR— CO, ^^« 



^ .CO-CH^^^» 

I NCHa— 00^^ I 
CH3 H 

Dimethyl diketocydohezane. 



>^ 



K 

I ^CO— NR' 
CH, 

Dimethyl diketopiperazine. 



I 

H 



They possees the general structure : 



a 



K 



x4y 



b 



b a 

Now such a compound contains two structurally similar asymmetric 
carbon atoms, and^ although strictly without any plane of symmetry, 
its reflected image is identical with it. Tet it does not accord 
with the meso type, since the two halves divided by the dotted 
line do not stand in the relation of object and image. 

Attention was first drawn to the exceptional character of this 
configuration by Ladenburg,' who called the plane of symmetry 
pseudo-symmeMcdlf or, according to Oroth, campotmd symmetricdL 
It divides the compound into halves, which become object and 
image when one half is revolved through 180^. It contains what 

* The ring and the attached groups are assumed to be in planes at right angles 
to one another, as previously explained. 
> JSif., 1896, 88, 1996. 

p2 
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•has been termed a centre of syntnietry, or, in other words, a line 
drawn from one of the groups a or b through the centre will meet a 
similar group if produced beyond the plane of the ring. In the 
isomeric or cis dimethyl piperazine there is no such centre of 
asymmetry, and consequently it exists in optically active forms.^ 
Compounds which exhibit pseudo-symmetry in structure represent 
an inactive indivisible type. 

Fsendo-assnnmetry in Cyclic Compounds. Pseudo-asymmetry 
of the character of the trihydroxyglutaric acids (p. 209) is afforded 
by cyclopropane derivatives of the general formula: 

Cab 



abC^ 



Cao 



It may stand for the following configurations, in which the carbon 
atoms of the ring are represented as situated at the corners of 
a triangle lying at right angles to the plane of the paper : 

a a b b 



b 




a 



\ 



a 



\ 



I 


/N 


a 


/ 


a 


\ 


> 




c 



a 




a 



a 



12 8 4 

Models illustrating these configurations may be easily constructed 
out of triangles of cardboard by thrusting pins through the corners. 
The head and point of the pin may stand for a, b, whilst c may 
be indicated by touching one point with coloured sealing-wax. 
Other cyclic configurations can be made in the same way from 
squares, pentagons, &c., of cardboard. 

The first two of the above figures correspond to inactive meso 
compounds ; the last two are optical enantiomorphs. The reasoning 
is the same as that which accounts for the existence of four 
trihydroxyglutaric acids. An exan^ple of this kind of isomerism 
is furnished by the three inactive 2 . 5-dimethylcyclopentane 1-carb- 
oxylic acids of J. Wislicenus,^ which probably represent oneraoemic 
and two meso forms. Another curious example of stereoisomerism 
referred to by Werner' is furnished by a cyclobutane ring of the 
following types : 

^ Fischer, £^., 1906, 80, 467, 3981 ; Pope and Read, Trans. Chem. Soc, 1912, 
101, 2325 ; Barker and Marsh, Trans. Chem. Soc., 1918, 103, 887. 
> Ber., 1901, 34, 2572. s Werner's Lehrbuch der StereochsmU. 
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I 


) 


b 


b 


2 

a / \ b a 

i\ V 

c \ / c c 
1 


2 
4 


3 

b b X \ a 

c c \ / c 

4 


< 

] 


k 
/ 


b 
II 


b 
III 



The cyclic carbon atoms 2 and 4 are asymmetrical per ^e ; 3 is 
symmetrical though structurally identical with 2 and 4. It follows 
from what has been stated above that 1 and 3 are pseudo-asymmetric, 
that is to say, it is a case of a double trihydroxyglutaric acid, and 
there may consequently exist four inactive meso compounds by 
interchanging separately a and c and b and c in I, and also two 
racemic compounds derived from II and III by interchanging one 
of the groups a, c or b, c. 

Optical Activity with Ffleiido^Byinmetry. Finally, a form of 
pseudo-asymmetry causing optical activity has been pointed out by 
van't Hoff in the case of the inositols. Ordinary inositol from 
beans and flesh is a meso compound, and, therefore, has a symmetrical 
configuration of either of the following forms : 

H H ,0H O] 



H 



OH 



/ 



OH OH 



\ 

\h h,/ 



H 



OH 



OH OH' 




OH 



There are in addition d- and inositol (a)i>=+65° obtained by 
Maquenne^ from pinite (methyl (^-inositol) and quebrachite (methyl 
2-inositol) to which van 't Hoff attaches the following space formulae, 
oorreeponding to a non-euperposable object and image : 



OH 



H 



H OH 



/•oh h\ 

\|OHH./ 



'H OH 



H 



OH 



OH 



OH 




' Ann. Chim. Pftys., 1891 (6), 23, 264 ; Compt. rend., 1889, 100, 812. 
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The relation of cyclic compounds to what is known as 'geo- 
metrical ' or ' cis-trans ' isomerism is discussed in a later chapter 
(p. 238). 

Activity of Bensene DerivatiTes. The question as to whether 
the unreduced benzene molecule, without asymmetric carbon in the 
sideH^hain, could under any conditions be rendered asymmetric, and 
consequently optically active, has frequently been the subject of 
experimental 'investigation. Le BeP attempted to resolve o-tolui- 
dine ; Lewkowitsch ' has done the same with m-methylsalicydic acid, 

C6H8(CH8){COOH)OH 
12 8 

and o-methyl-m-hydrozybenzoic acid, 

CeHaCOHKCHaXCOOH) 

12 8 

whilst y. Meyer and Lohn" have employed nitro- and aldehydo- 
thymotic acids for the purpose. 

CeH . OH . COOH . CH3 . C3H7 . NO4 
CflH . OH . COOH . CH3 . C3H7 . CHO 

In no single case was the attempt successful. It may be further 
added that no simple benzene derivative showing optical activity has 
been found among the many products of this class elaborated by 
living matter. 

NUMERICAL RELATION OP ROTATARY POWER TO STRUCTURE. 

Determination of Botatoxy Power. — The i*otatory power of «n 
optically active substance is determined by means of a polarimeter. 
One of these instruments known as Laurent's polarimeter is shown 
in Figs. 32 and 33. 

The monochromatic light of a sodium flame is commonly used in 
these determinations, and is obtained by suspending in the flame 
of a Mekker burner a platinum wire basket containing fused sodium 
chloride or the more volatile bromide. The latter gives a brighter 
flame, but the basket requires replenishing more frequently. The 
light from the flame passes through a cell B, containing a solution 
of potassium dichromate (or a crystal of this substance), which 
deprives it of blue or violet rays. It then passes through the 
polarizing nicol prism P. A plate of quartz cut parallel to the optic 
axis covers half the opening D, and is of such a thickness that it 

1 BuJL Soe. Chem.y 1882 (2), 88, 98. 

2 Trans. Chem. 8oe., 1888, 53, 781 ; Ber., 1888, 16, 1676. 
s ^«r., 1896, 28, 2795. 
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prcklucee & difference of a half-wave length (or an exact odd multiple 
of a halPmtve length) between the two rays, which it gives by double 
r«Aaction. The light then passes through the substance placed In 
the tube T and entering at E strikes the analysing nicol N. The 
telescope OH is focussed on the edge of the quartz plate at D. When 
N is turned, a p<Hnter moves over the graduated circle C and its 
potation can be read by means of the lens L. 

Th« TlMorj of tha IiiKtmiiia&t may be explained aa fbllowa : 
II, after paasine through the nicol P, the plane of vibratioa is in the 




dii«ction OB, Fig. 84a, then in the half of the field to the right, 
uncovered by the quartz plate, it passes on unchanged. When it 



^ 



216 



STEREOCHEMISTEY OP CARBON 



strikes the quartz the ray is broken up into the two components Oy 
and Ox. These traverse the quartz with different yelocities, and 
since one ray is retarded half a wave-length in respect of the other, 
the vibration of one component will be represented by Oy, but the 
other must be represented by Osf instead of Ox. These two combine 
on emerging to a plane pokrized ray vibrating in the direction OJB^ 
so that the angle AOB' is equal to the angle A OB. 

If now (the tube containing water or other non-rotating liquid) 
the nicol N be so placed that it is parallel to nicol P, then the light, 
in the half of the field to the right, will pass through unchanged, 
but only a portion of the light which has passed through the quartz 
diaphragm with its plane of vibration in the direction OB^, will pass 
through N, and consequently there will be different intensities of 
illumination in the two halves of the field, Fig. 84& (if the angle a is 
45"" then the angle BOB will be 90"", and the light in the left half of 





Fie. 84. 

the field will be completely obscured). Similarly if the plane of the 
nicol N be made parallel to OB^ there will be a greater intensity of 
illumination in the left half of the field. Fig. 84c. Between the two 
positions of the nicol N there must necessarily be one which gives 
uniform illumination of the whole field, and this is the zero point 
of the instrument. Fig. Sid. 

If the tube T, containing the active substance, be interposed 
between the two nicols, then both rays OB and OB* will be rotated 
through equal angles, and to re-establish uniform illumination in the 
two halves of the field, the nicol N must be turned through an angle 
equal to the angle of rotation, which is then measured on the divided 
circle. 

When the angle a is small, i. e. when the plane of vibration of the 
polarized light is almost parallel to the optic axis of the quartz, the 
greatest degree of sensitiveness is attained, for then a very small 
change in the position of N causes a great difference in the respective 
illuminations in the two halves of the field. As a increases, the 
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sensitiveness diminishes, but a greater total intensity of illumination 
is obtained. By moving J (Fig. 32) the position of the nicol P may 
be altered. For clear, colourless liquids the angle a may be made 
comparatively small ; but in the case of coloured liquids it is necessary 
to have a larger, and so obtain a greater intensity of light at the cost 
of sensitiveness. 

Calenlatioii of Besnlto ; Somogeneoiui Liquids. The angle of 
rotation, represented by od (for sodium light), varies with the length 
of the column of substance through which the light passes. One 
decimetre has been chosen as unit of length. The angle also varies 
with the temperature, which must consequently be determined for 
each observation. 

For the comparison of the rotatory power of difforent substances, 
use is made of the constant specific rotation, which may be defined 
as the angle of rotation, produced by 1 gramme of active substance 
in 1 c.c. by a layer 1 dm. in length. This is obtained by dividing 
the observed angle of rotation by the product of the length in deci- 
metres I, and the density of the substance d at the temperature at 
which the observation was made. If a weighed quantity of the 
substance is examined in solution, d will stand for the weight in 

grammes in 1 c.c. of solution. 

t 
r 1* **» 



Ixd 



Molecular Botation is the above quantity multiplied by the 
molecular weight M of the compound, and divided by 100 to avoid 
unwieldy numbers, and is represented thus : 

t^^J'>= 100"* 

It expresses the angle of rotation of 1 mm. of active substance 
containing 1 gramme-molecule in 1 c.c 

For determining rotations at diiferent, but constant, temperatures 
the polarimeter tube may be surrounded by a jacket resembling 
a Liebig condenser, through which water, or other liquid or vapour, 
may be passed at constant temperature. ' 

Botatory DiBpersion.^ It does not follow that the value for the 
specific rotation for the sodium d line is the same as that for other 
kinds of light, in fact, Biot found that the rotation is inversely as 
the square of the wave-length, or [a] = k/\\ so that by plotting the 

^ Lowry and DicksoD, Trans, Faraday Soc,y 1014, 10, 54. 
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reciprocal of the rotation against the squares of the wave-lengths the 
values will generally be found to lie on a straight line. It has been 
usual to represent rotatory dispersion by what is termed the dispersion 
coefficient, that is, the ratio of the rotations for any two kinds of 
light conveniently wide apart in the spectrum, as, for example, the 
violet and green light of the mercury-vapour lamp. 

As Patterson ' has shown, the rotations for different kinds of light 
are influenced to a different degree by concentration, solvent, and 
especially by temperature, and that the coefficient is subject to con- 
siderable variation. In order, thereforOi to institute a satis&ctory 
comparison it is necessary to select some fixed point as the zero, 
such, for example, as that of the intersection of the rotation curves 
for two different wave-lengths when the substance, or its solution, 
is examined under different conditions. This is termed the roHonal 
eero, and the ratio of the rotation values calculated from this zero 
will then be found to give a fairly constant dispersion coefficient. 

The rule laid down by Biot that the rotation varies inversely as 
the wave-length, which is termed normal dispersion^ is not always 
true, for there are cases where, under certain conditions, the reverse 
obtains, that is to say, the rotation increases or decreases with 
increase or decrease of the wave-length. This is called anomdloua 




Fto. 86. 

diversion. Biot' himself has shown that anomalous dispersion 
may be produced artificially by mixing the substances of opposite 
sign and different dispersion, such as d-camphor and ^turpentine oil. 
If the rotations, say, for blue, green, and red, are plotted as ordinates 
against different proportions of the two ingredients as abscissae, the 

1 Trana. Chem, Soc., 1916, 100, 1176. > Ann, Chim. Phys,, 1852, 86, 405. 
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curres might intersect in their passage from the pure laevo-compound 
to the pure deztro-compound as shown in Fig. 85 in such a way that 
above the zero line at a the green and at h the blue might show 
a smaller rotation than the red and the dispersion coefficient would 
be a fraction instead of a positive integer, in other words^ would be 
anomalous reaching — ao at the zero line. 

Tschugaeff^ has produced anomalous dispersion by forming the 
ester of Z-menthol with d-^3-camphorsulphonic acid. As these two 
substances, like the above mixture, have opposite signs of rotation 
and dijfferent dispersions, the rotation curve of the dissolved substance 
instead of steadily increasing from red to blue reaches a maximum 
between the green and blue. 

Anomalous dispersion has also been observed in solutions of certain 
coloured substances, the effect appearing to depend on the vicinity 
of an absorption band in the visible region or in colourless substances^ 
when it is associated with a band in the ultra-violet These observa- 
tions have been explained on Drude's theory of rotatory polarization 
depending on the spiral movement of electrons.' But there are 
other cases of anomalous dispersion, which have, as yet, received no 
satisfactory explanation. This is the case with the esters of tartaric 
acid, with naphthylmethyl- and naphthylhexyl-carbinols, and with 
a number of esters of secondary alcohols.' By comparing the rotation 
curves of various tartaric esters and their derivatives at different 
temperatures, also in different solvents and at different concentrations, 
PatterB<Ni * found that displacement of the curve took place in one 
direction or another, so that, by combining the effects, he was able 
to extend very considerably the length of the curve. In this way 
he showed that the esters exhibit well-marked maxima and minima, 
9miy although the conditions under which these substances were 
examined differed, i^ twitnal «alue xif ihe mfratinna at these poxirts 
indicated a close correspondence. Moreover, by using different kinds 
of light he found that the curves for the different wave-lengths do 
not run parallel throughout the whole curve, but intersect at certain 
fixed points, and so produce anomalous dispersion. Thus, if the 
curve for red light having the lower rotation crosses that for violet 
with the higher rotation, in a region beyond the point of intersection, 
the relative value of the rotation will be reversed, and the phenomenon 
of anomalous dispersion will appear. 

* Ber,, 1911, 44, 202e. 

* Anomaloua iZototory Ditpenim^ by L. Tschugaeff, Tratis. Fanutoif Soc, 1914, 
10, 28. 

* Piekard and Kenyon, Trans. Chem. <8bc., 1914, 105, 830. 
« TVam. Chem. Soc., 1916, 100, 1189. 
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Activity of Souogeneous Liquids. We will consider first the 
simple case, in which a solvent is unnecessary, and where the 
liquid or fused substance is directly examined. 

Activity of Homologoiu Series. ^ The effect of the active radical 
in a homologous series seems, as a rule, to be influenced (raised or 
lowered) by the first term or terms and then to remain nearly 
constant in the succeeding members. Tschugaefif has made the 
following series of observations : 

Menthol [M]d =^ -78-0'' 



Men thy 1 formate 
acetate 
propionate 
n-bntyrate 






rM]D. 



-146-3 
-158-7 
- 160-2 
- 159-6 



Men thy 1 n-valerate 
n-caproate 
n-heptate 
n-caprate 



>7 



>» 



[M]d. 



- 157.3 
-157- 
-157-7 
- 155-8 



.In another series of esters of active amyl alcohol examined by 
Guye and Ghavanne ' the same thing has been observed. 

That the active group is mainly aifected by the group in its 
vicinity is further shown by the rotation constants of the amyl and 
menthyl esters of benzoic acid and its side-chain homologues, where 
the values drop to those of the aliphatic esters. - 



Ester. 


Amyl [M]d. 


Menthyl [M]i>. 


Benzoate 

Phenylacetate 

Phenylpropionnte 

Mean value of the aliphatic ester 


+ 9-52 
+ 7-91 
+ 4-73 
+ 4-38 


-239 
-190-7 
-161-9 
-157-8 



Although the proximity of the phenyl group to the active radical 
usually raises the rotation, this is not always the case. The phenyl 
group in the esters of carvoxime produces the reverse effect' 



Mentiivl ester. 



^10 



H,4 : NOH 
i^iNO.CO.CfiHs 



C,oH,|:NO.(X).CH,.CeH5 
C,oHh : no . CO . C Ha . CH, . CJl^ 



[M]d. 



81 

77-7 

77-9 



^ An excellent summary on the quantitative relation of rotation to structure 
is given by P. F. Frankland, Trans. Chem. Soc, 1912, 101, 658. 
2 CompL rend., 1895, 120, 152. 
> Rupe and Wolfsleben, AnruUerif 1912, 895, 136. 
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Pickard and Kenyon * prepared three series of active secondary 
alcohols, namely, methyl R carhinols, ethyl E carbinols, and iso- 
propyl R carbinols (R = alkyl) with the following results : 

In the first (methyl) series the rotations of the homogenous liquids 
increase regularly with the molecular weights; in the third iso- 
propyl series they increase rapidly to C4H0 and then remain nearly 
constant. In the second (ethyl) series there are sudden increments 
at the 5, 10, and 15 carbon radicals and also similar but smaller in- 
crements when the whole chain makes 5 or a multiple of 6 carbon 
atoms. The explanation suggested by Frankland ^ is that ' accord- 
ing to the commonly accepted views of stereochemistry a continuous 
chain of five carbon atoms will all but return upon itself and beyond 
this, further additions to the chain will lead to such interference as 
must necessitate a readjustment of the exact positions occupied by 
the carbon atoms in a shorter chain. It is surely highly probable 
that this stereochemical change should be betrayed by some irregu- 
larity in the rotatory manifestations, for example, by the exhibition 
of a maximum rotation in those series in which the ascent of the 
series leads to an increase in the rotatory power. ^ As the effect is 
emphasized in alcoholic solution, Pickard and Kenyon consider that 
it IB important not to restrict observations to homogeneous liquids. 
As we shall see (p. 228) a solvent may produce a considerable extension 
of the rotation curve. Reviewing the results obtained by themselves 
and others, they conclude that there does not appear to be any simple 
numerical relation between the various values obtained for the mole- 
cular rotatory powers of the members of any homologous series." 

Aetivitj of UnBatnrated CompoimcLi. A very large number of 
observations have been made on the effect of unsaturation on activity. 
Rupe * from the results of his earlier investigations laid down the 
general rule that unsaturated groups usually produce an enhanced 
rotation, which falls off with the increased distance of the un- 
saturated from the active radical. 

The following table, where the saturated and unsaturated com- 
pounds are contrasted, illustrates the first part of this rule : 



Men thy 1 ester. 


[m:d. 


Menthyl oster. j [M'd. 

1 


a Methyl acrylic acid 
Crotonic acid 
Angelic acid 
Methyl crotonic acid 


-205-6 
-2U8-9 
-200-8 
-210-9 


Isobutyric acid 
n-Butyric acid 
a Methyl butyric acid 
/9 Methyl butyric acid 


- 1G2-9 
-169-6 
- 158-6 
-153-7 



1 Tnms. Chem. Soe., 1 911, 09, 45 ; 1912, 101, 620, 1427 ; 1918, 108, 1928 ; see also 
Clough, Procj 1918, 29, 857. 
* Trans. Chem. Soc,f 1899, 75, 868. ' Trans. Chenu Soc., 1918, 108, 1930. 

« AnnaUn, 1908, 827, 157. 
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whilst the next table illustrates the second part, showing the increase 
in rotation with the proximity of the double bond : 



Menthyl ester. 


[M]d. 


Menthyl ester. 


[M]d. 


a fi Pentenio acid 
7« 


-1771 
-172-5 
-160-2 


a fi Hezenic aeid 
8< „ 


-172-4 
-164-1 
-158-5 
-154-4 



Further experience has shown that, although these rules hold good 
in the case of aliphatic compounds, the introduction of phenyl groups 
produce unaccountable irregularities depending on the position of 
the phenyl group in relation to the double bond, as may be seen from 
the following table, in which the unsaturated ester exhibits in some 
cases a higher, in others a lower, rotation than the corresponding 
saturated compound. This lowering of the rotation is especially 
noticeable in the unsaturated phenyl derivatives.^ 



Menthyl esters. 


[M]d. 


Menthyl esters. 


[M]d. 


Muoonio acid 
a /3 Hydromuoonie acid 
fi 7 Hydromuconic acid 

Adipic acid 


-390-4 
-872-8 
-889-8 
-852-8 


Piperic acid 
• a fi Hydropiperic acid 
/3 y Hydropiperie acid 
Piperonylbutyric acid 


- 187-8 
-165-0 
-150-8 
-186-8 



Brucine salt. 


[M]d. 


Bmoine salt. 


[M]d. 


Muoonic acid 
a fi Hydromaconic acid 
fi 7 Hydromuconic acid 

Adipic acid 


- 90-4 
-8590 
-856-5 
-897-8 


Piperic acid 
a P Hydropii>erio acid 
fi 7 Hydropiperic acid 

Piperonylbutyric acid 


- 28-6 
-154-8 
-179-1 
-170-5 



Rupe^ has examined aromatic menthyl esters which are un- 
saturated in the nucleus and others which are unsaturated in the 
side-chain, with the following results : 



Menthyl ester. 


[M]d. 


Menthyl ester. 


[M]a 


Terophthalic acid 
A^** Dihydroterephthalic acid 
A^ Tetrahydroterephthalic acid 
A' Tetrahydroterephthalic acid 

Hezahydroterephthalic acid 


-453-4 
-463-9 
-808-6 
-838-9 
-334-7 


Benzoic acid 

A^ Tetrahydrobenzoic acid 

A' Tetrahydrobenzoic acid 

Hezahydrobenzoic acid 


-289 

-200 

-159-2 

-159-6 



1 Hilditch, Trans, Chem, Sac., 1908, 98, 700, 1888, 1618 ; 1909, 95, 289 ; 1910, 97, 
228, 1091, 2110 ; 1911, 99, 218. 
a Annakfh 1910, 873, 126. 
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In the case of those esters which are unsaturated in the side-chain 
considerable differences in rotation are noticeable in the position 
which an alkyl or aryPradical occupies in relation to the unsaturated 
carbon atoms. The corresponding saturated compounds are given 
for comparison : 



Menthyl ester. [M]o. 


Menthyl ester. 


[M]d. 


Cinnamio acid 
a Methylcinnamio acid 

a Phenylcinnamio acid 
3 


-220-1 
-187-8 
-lM-1 
-198-4 
-187-8 


Hydrocinnamic acid 
a Methylhydrooinnamlc acid 

a Phenylhydrocinnamio acid 



-168-5 
-158-2 
-280-8 
-818-2 
-224-7 



Both Prankland and Bupe * are of opinion that unsaturation leads 
to an irregularity in the rotatory effect^ though not necessarily to an 
increased rotation.^ 



Activity of Coiidiigatod ComponncUi. The effect of conjugation 
on rotatory power has also been studied by Bupe' and Hilditch.' 
According to the former the effect of the two conjugated linkages 
increases the rotation. The following table illustrates the effect of 
a single double bond in the a^ and Py positions and also of a 
conjugated double bond, as well as that of the saturated ester : 



Menthyl ester. 



Caproic acid CH, . GH, . GH, . GH^ . GH, . GOGH 

a /3 HydroBorbic acfd GH, . GH, . GH, . GH=GH . GOGH 

fi y Hydrosorbic acid GH, . GH, . GH=GH . GH, . GOGH 

Sorbic acid GH, . GH=GH . GH-=^GH . CGOH 



[MId. 



-157-7 
-172-8 
-1641 
-221-4 



Curiously enough this is not the case with dimethyl sorbic acid, 
as the following table shows : ' 



Menthyl ester. 



(GH3),G : GH . GCGH,) : GH . GOGH 
(GH,),GH . GH : G(GH,) . GH, . GOGH 
(GH3),GH . GH, . GH(GH,) . GH, . COOH 



[M]d. 



166-2 
191-8 
161-8 



The anomaly is explained by the attachment of the additional 
alkyl groups to the doubly linked carbon atom which is known to 
have a marked effect on the refractivity of such compounds (p. 28). 

The effect of the replacement of the end methyl group by phenyl 

^ Frankland, Trans. Chem, Soc., 1912, 101, 661 ; Rupe, Trans, Faraday Soc, 1914, 
10, 6. 

s Annaien, 1910, 869, 311. > Trans. Chenu Soc.f 1909, 96, 1570. 

« Bupe and Lotz, AnnaUn, 1909, 869, 844. 
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is seen in the following table, which includes for comparison the 
aliphatic esters : 



Menihyl ester. 


[M]d. 


Menthyl ester. 


[M]d. 


Acetic acid 
Propionic acid 
n-Butyric acid 
Caproic acid 
fi 7-Hydro8orbic acid 
Sorbic acid 


-168-7 

-ieo-2 

-159-6 
- 157-7 
-154-1 
-221-4 


Benzoic acid 
Phenylacetic acid 
iS-Phenylpropionic acid 
Phenylvalerio acid 
fi-Phenyl fi 7-pentenic acid 
Ginnamenylacrylic acid 


-289 

-190-7 

-161-9 

-107-0 

-149-8 

-284-4 



From the first three and the last member of the series it appears 
that the presence of phenyl raises the rotation, but with diminishing 
effect as the distance of the phenyl group from the menthyl radical 
increases. The low rotation of phenylvaleric and phenylpentenic 
esters is, however, as inexplicable as that of the unsaturated phenyl 
compounds referred to above. 

The effect of conjugation in increasing rotation is also apparent 
from a comparison of the rotations of phellandrene and carvo- 
menthene and of j}-menthadiene and j}-menthene. 

C.CH3 C.CH3 



2' 



IldJCHa 
CH 



H,d 



I 



^ 



!CH, 



CH(CH,), 

Phellandrene. 

[M]d + 82-1* 

jQC . CXI3 



HoG 



2' 



/\ 



Up 



c 



CH 

cn 



2 



CHCCHJ, 

Carvomenthene. 

[M]d-2-9° 

Cm . CI13 

H,c/\cHj 

c 



CHj — C — CIi2 

j7-Menthadiene. 

[M]d+ 188-6'* 



CH(CH3)2 

p-Henthene. 

[M]d+45-2« 



The high rotation of the menthyl ester and brucine salt of oxalic 
acid compared with those of other saturated dibasic acids has been 
ascribed by Hilditch ^ to conjugation of the group O : C - C : O, and 



Trans, Cham. Soc., 1909, 95, 1578 ; 1911, 99, 224. 
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this increase has been shown to exist in other compounds containing 
the ketone group conjugated with an ethenoid linkage. 

Some remarkably high rotations have been observed in the group 
0:C-G«CHB as the result of conjugation. Such substances have 
been obtained by the action of aldehydes on camphor and thujone.^ 





[M]!. 




[MJi. 


Benzylidene camphor 
Piperonylidene camphor 
Cuminylidene camphor 
Camphor 


+ 1020-8 
+ 1286-6 
+ 1897-8 
+ 67-2 


Benzylidene thujono 
Piperonylidene thujone 

Thnjone 


+ 1416-8 
+ 2172-6 

+ 118-2 



By increasing the number of conjugated groups, as injp-phenylene- 
bis-imino camphor, Forster and Thomley* observed the remarkably 
high rotation of [M]d « 6100. 

.0=N.CeH4.N=Cv 

"•"■'Co oS^^" 

p-Phenylene-bia-imino camphor. 

In the few instances where acetylene derivatives have been pre- 
pared it is found that the effect is not referable to any rule, since 
they sometimes fall below both the ethylenic and saturated com- 
pound and sometimes exceed them, as will be seen from the 
following table:' 





Acid [MJd. 


Ester of 


^Phenyl 
propionic. 


Cinnamic. 


Phenyl 
propiolic. 


2-amyl alcohol 

10 % benzene 
I-menthol 10 % chloroform 

10 % acetone 
d-borneol 10 % chloroform 

10 % acetone 
d-methyl hezylcarbinol 


+ 5*' 
-178-8 
-171-5 
-162-6 
+ 86-5 
+ 82-9 
+ 82-1 
- 82-8 


+ 16-4 
-285-5 
-171-6 
-184-8 
+ 82-5 
+ 82-6 
+ 104.4 
-108-4 


+ 12-1 
-215-9 
-166 7 
-167-6 
+ 87-6 
+ 89-4 
+ 181-1 
-180-9 



Aotivity of Cyclic Compoimcbi. It is perhaps difficult to in- 
stitute a satisfactory comparison between open and closed chain 
compounds, but on the whole it may be affirmed that the latter 
show an enhanced rotation. Anhydrides and lactones show a 

1 Hilditch, Trans, Chem. Soc, 1909, 95, 888- * Trans. Ohsnu 5oc, 1909, 06, 942. 
' Hilditch, Trans. Oiem. Soc., 1908, 93, 1 ; Pickard andKenyon, Trans, Chsm.aoe,^ 
1911, 88, 46. 

FT. a 9 
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much higher rotation than the acids from which they are obtained. 
Lactide, [ajo = —86*^, is obtained from lactic acid, [ajo ^ + 8^ It b, 
therefore, scarcely surprising that the presence of a cyclic radical 
should produce a corresponding effect. Haller and Desfontaines ' 
have converted a series of /J-methyladipic esters into methylcyclo- 
pentanone carboxylic esters and found in each case a largely increased 
rotation : 



CH« . CHo . COOCH, 



^2 



^2 



(CH3)CH . CHa . COOCHg 
[a> = + 3-49° 



Cxi2 • CH2\ ^^^ 

I /^^ +CH30H 

(CH3)CH . CH . COOCH3 
[a]= +91-07° 



Although it is generally recognized that ring structure increases 
rotatory power, this only occurs if the asymmetric atom forms part 
of the ring system. Otherwise only small and indefinite effects are 
produced. 



Menthyl ester. 


[M]d. 


Menthyl ester. 


[M]d. 


Cyclopropane dicarboxylic acid 
Cyolobutane ,, 
Cyclopentane ,, 
Cyololiexane ,, 


-158-5 
- 164-4 
-171-8 
-167-2 


n-butyric acid 
n-valeric „ 
n-hexoic ,, 
n-heptoic „ 


- 159-6 
-157-8 
-157-7 
-157-7 



ActiTitj of Stmotiiral Isomen. No general rule determining the 
relation of activity to structural isomerism can be laid down, seeing 
that the sign and value of the rotation is influenced by the nature 
and, more especially, the position of the groups. This would follow 
from the facts contained in the paragraph on homologous series. 
The normal and iso-esters of active amyl alcohol, on the one hand, or 
active valeric acid, on the other, show very small dififerences : 



Amyl n-butyrate [ajn = +2-97 



■70 



9i 



ISO- 



>9 



99 



-f 2-88 



»-Butyl valerate [ajo « +10-60' 
Iso- M „ « +10-48 



» 



99 



But amylacetic acid differs considerably in rotation from amyl 
acetate, and methyl valerate from amyl formate : 



Amylaoetie acid [ajn = + 8-53^ 
Amyl acetate ,, » + 2-50 



Methyl valerate [ajn » + 16-83' 
Amyl formate >i "= + 2*01 



CompL rend.f 1905, 140, 1205. 
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Activity of Position Zsomors. Conditions similar to those 
which determine the activity in an homologous series appear to 
obtain where the effect of the o-, m-, and impositions on the rotation 
of the active radical is considered, that is to say, the group nearest to 
the active radical usually produces the largest effect. The following 
rule may be laid down : that the rotatory effect produced by an ortho- 
substituent in benzoic ester differs more from that of unsubstituted 
ester than do those of the meta and para substituents. The following 
table will illustrate this point : ^ 







[MJi^ 




Menthyl estor. 
















ortho. 


metA. 


para. 


Toluic acid 


-281 


-240 


-246 


Methoxybenzoic acid 


-148 


-247-5 


-250-5 


Propoxybenzoio acid 


-170-5 


-240-5 


-250 


Isoamyloxybenzoio acid 


-186-5 


-240-5 


-247-6 


Fluorobenzoic acid 


-194-5 


-286 


-239 


Chlorobenzoic acid 


-195 


-287 


-287 


Bromobenzoic acid 


-205 


-289 


-239 


lodobenzoio acid 


-237 


-287 


-237 


Nitrobenzoic acid {e&°) 


-881 


-251 


-235 



.20 



Menthyl benzoate [M]d. = 239. 

This effect is even more apparent in the disubstituted benzoic 
esters in which the 8.4, 3.5, and 2 . 6 derivatives are taken for 
comparison. 



Menthyl ester. 


[M]d. 


2.6 


8.5 


• 8.4 


Dichlorobenzoic acid 

Chlorobromobenzoic acid 

Dibromobenzoic acid 

Chloronitrobenzoio acid at 100° 

Dinitrobenzoic acid (in benzene 
solution) at 20° 


-118 

- 82-5 

- 19-5 
-287 
-642 


-283 
-237 
-228 
-248 
-246 


-227-5 
-208 CI Br 
-221 Br CI 
— 231 

-207-5 ) CI NO, 
-229-5 NO, CI 
-470 



It follows, therefore, that the ortho-substituent may either raise 
or lower the rotatory power ; but whichever occurs the effect of the 
same substituent in the meta and para positions is insignificant. 



Effect of Halogens on Aotatory Power. The rotations of 
halogen substituted menthyl esters of the aliphatic acids have been 

1 Cohen and Dudley, Tram., 1910, 07, 1787 ; Cohen, Trans., 1911, 09, 1060. 

92 
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examined by Tschugaeff,^ Cohen,*and Hilditch,^ with the result that 
the introduction of the halogen, as a rule, raises the rotatory valu^ 
which tends towards a constant in the higher members of the series. 
It is an interesting fact that the effect of the three halogens is in the 
inverse order of their atomic weights, a fact which is also noticeable 
in the substituted benzoic acids given in the above table. 

Activity of Stereoisomers. In spite of similarity of structure 
and molecular dimensions the effect on the rotation of the same 
optically active substance by the introduction of stereo- or geometrical- 
isomeric radicals' is very marked. Walden^ has made a series of 
observations on the active amyl esters of fumaric and maleic acid 
and their derivatives, of racemio and mesotartaric add and of r- and 
i-dimethylsuccinic acid. 



Hb. 



Fumaric ester 
Muleio „ 
Ghlorofdmario ester 
Chloromaleic 
Bacemio 
Mesotartaric 



it 



Md. 


+ 6-98 


+ 4-62 


+ 6-78 


+ 4-08 


+ 8-87 


+ 4-77 



Bromofumario ester 
Bromomaleic 
Mesaoonio 
Citraconic „ 

Dimethyl saccinie (r) 

(0 



99 



»> 



1) 



+ 5-99 
+ 4-58 
+ 6-98 
+ 4*14 
+ 8-e6 
+ 8*42 



It will be seen from the foregoing summary of the relation of 
rotatory value to constitution that, although certain regularities 
appear among the more closely related compounds, nothing in the 
way of a broad generalization has yet been drawn from the data at 
present available. 

Activity of Solutioiis. The part which the solvent plays in 
modifying the activity of the dissolved substance is frequently very 
marked and difficult to interpret; but the recent work of T. S. 
Patterson on the relation of solvent to active solute promises to 
throw new light on the problem.* 

VoiiFelectroljtes. Some substances, like turpentine oil and 
nicotine, seem to be very little affected by the presence of a solvent 
The specific rotation, calculated from observations of the pure liquid 
or of the solutions of different strengths in alcohol, acetic acid, and 
benzene, gives the same result. In other cases the influence of the 

* J. Ruaa. Phtfs. Chem, 8oc., 1902, 84, 606. 

* Trans. Chem. Soc, 1913, 98, 1061. > Trans. Chem. 8oc, 1912, 101, 20& 
^ Geometrical isomerism is explained on page 288, et seq. 

> Zea, pkys. Chem., 1896, 20, 877. 

* Trans. Chsm. 8oc, 1916, 109, 1189. 



NON-ELECTROLYTES 229 

solyent is very great For example, ethyl {-mandelate in acetone, 
[a]D « — 90-6°, in chloroform —180°, although the molecular weight 
in hoth solvents is normaL Still larger differences have been 
observed with ethyl tartrate, which shows a rotation [qJd — +65^ 
when dissolved in a-nitronaphthalene and [a] » —19° in ethylene 
bromide.^ The effect of the solvent on the magnitude of the rotation 
depends also on both temperature and concentration. Biot ' observed 
that an aqueous solution of tartaric acid shows an increase in specific 
rotation, with decreasing concentration, and he found later that 
camphor in alcohol or acetic acid exhibits the reverse phenomenon. 
Landolt' says, 'this has since been substantiated for a very great 
number of substances. ... So for we do not recognize any con- 
nection between the direction of this variation and the chemical 
nature of the active substance.' Since this paragraph was written 
the observations on the effect of both temperature and concen- 
tration on the rotation of active substances in different solvents have 




Fio.86. 

accumulated, and brought us a little nearer to a satisfactory interpre- 
tation of what have, until now, seemed somewhat confusing data. 
Patterson* has shown that the effect of temperature, solvent, and 
concentration on tartaric ester and its derivatives is merely to shift 
the position of the rotation curve. By taking the maximum point 
as the fixed point for comparison, for example, g in the ideal curve, 
Fig. 36, he observed that the substitution of the ethyl ester by the 
propyl ester causes a slight displacement of the maximum. Again, 
the effect of solution in the case of ethyl tartrate is to displace this 
maximum towards a lower temperature and a higher value in certain 
solvents, and towards a higher temperature and a lower value in 
others. Finally, it was noticed that certain derivatives of the tartaric 

^ Patterson, Trans,, 1908, 98, 1886. 

' Mem, de VAcad., 15, 98 ; Ann. Chim. Phys.^, 1844 (8), 10, 885. 

* OpticcU Activity and Chemical Compoeitionj p. 20. 

* Trans. Chan, Soc, 1916, 109, 1189. 
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esters had minimum values at definite temperatures, which in certain 
solvents moved in the same direction as the maximum in ethyl 
tartrate. Thus, in the above Fig. 36, the temperature-rotation curve 
for ethyl tartrate is represented by the section c-h ; in a solvent such 
as nitrobenzene the portion of the curve g-k comes into view with 
increasing dilution ; if quinoline is used as solvent the section i-m 
appears. On the other hand, if acetylene tetrabromide is the solvent, 
the curve alters in the opposite direction, towards c-/. In this way 
the different points on the curve may be moved about as regards 
temperature by the use of different solvents. For example, the. 
maximum [M]d = 30-9° for the homogeneous ester which occurs at 
about 175°, is found at about 30° in a 20 per cent, nitrobenzene 
solution having [M]d = 54°. By using other derivatives of tartaric 
ester in different solvents, and at different concentrations and tem- 
peratures, a further extension of the curve has been obtained. 

Although at present no explanation is forthcoming of the relation 
of solvent and temperature to activity, that such a relation exists is 
in itself a fact of great significance, and seems much the most valuable 
achievement in this line of research. 

. The sensitiveness of an active compound to the influence of small 
differences of structure in a solvent has attracted the attention of 
many observers. The view originally advanced by Patterson of a 
relation existing between the rotation of the solute and the molecu- 
lar solution volume, due to variations in internal pressure produced 
by the solvent, is now regarded as untenable ; ^ but, although there 
is an absence of agreement between the two values, it does not 
exclude the correlation of rotation and internal pressure. Another 
^ view which has been suggested to explain the effect of different 
solvents on the activity of the solute is the existence of compound 
molecules of solvent and solute. In neither case is the evidence 
conclusive. Nevertheless, a number of interesting observations have 
been made on the nature of dynamic isomerism and of position 
isomerism by observations on changes of rotation produced by the 
solvent on the active substance.' 

Electrolsrtes. The observation of Oudemans and Landolt, that 
the solutions of salts of active acids and bases attain a constant 
value with dilution, is a natural consequence of the theory of elec- 
trolytic dissociation to which H&drich ' first drew attention. Lan- 

^ Trans. Chem, Soc., 1910, 07, 2112. 

> Pafcterson, Trans. Chem. Soe., 1907, 91, 504; 1909, 06, 322; 1910, 97, 2110; 
1912, 101, 26. 
B Zeit. phy$ CAm., 1898, 12, 476. 
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dolt ^ found that equivalent quantities of dififerent tartrates in dilute 
solution possess the same rotation independently of the metal 
present, whilst Oudemans' obtained the same result with salts of 
the active alkaloids. From this generalization, which is known as 
the law of Landolt-Oudemans» it naturally follows that the rotation 
of an active salt, composed of both active acid and base, depends upon 
the combined activity of the two ions, a result which has been con- 
firmed by Walden from the behaviour of the a-bromocamphor- 
sulphonates of morphine and cinchonine. 

The change of sign in the rotation of malic and tartaric acids on 
dilution cannot be explained in this way, and it has been attributed 
to the presence of molecular aggregates in the concentrated solution 
of opposite rotation, just as crystal aggregates of a compound have 
been found which differ in sign from their solutions. Imperfect 
electrolytes, like the organic acids, exhibit in solution a series of 
changes which depend generally on the degree of dissociation. The 
extent of dissociation is increased by dilution and by rise of tempera- 
ture, with a corresponding numerical change in rotation. The effect 
of different solvents may also be accounted for on the dissociation 
hypothesis. 

Znfluenoe of AddedSubstajices. The presence of inactive inorganic 
compounds sometimes influences the rotation of an active substance 
in a very sensible degree. It may be due to various causes, to an 
alteration in the degree of dissociation, to dynamic isomerism (see 
p. 818), to the formation of new compounds, or to some unexplained 
* change in constitution. The activity of tartaric acid is increased 
three to four times by the addition of boric acid, and many of the 
polyhydric alcohols are affected in the same manner. The change 
in this case is attributed to the formation of a ring structure which 
corresponds with its chemical and physical behaviour, and its en- 
hanced rotation.' The ring formation will be of the following type, 
in which the hydrogen atoms of two hydroxyls are replaced by 
attachments to the boron atom : 

C— Ov 

I >B.OH 
C-(K 

The increased activity which tartaric acid and the tartrates undergo 

» Ber,, 1878, 6, 1077. 

> AnnaUnj 1879, 107, 48 ; 1881, 209, 88 ; Ree, Trav. aim. Aiy* Bas, 1884, 1, 18 ; 
1886, 4, 166. Tykociner, Bee, Trav, Pays Bos, 1, 144. 

> ZeiL phy$, Outm., 1890, 6, 68 ; 1892, 8, 280. 
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OD conyersion into tartar emetic, and the alkali boryl and arsenyl 
tartrates, is accounted for in the same way. The addition of molyb- 
datesy tungstates, and uranyl salts ^ greatly increases the rotation of 
malic and tartaric acid, and is probably due to the formation of 
complex acids depending apparently on the presence of a CH(OH) 
group, for no increase occurs in the chloro- and bromo-succinic acids 
where the gnoup is absent. 

Mutarotation.* It has long been known that freshly prepared 
solutions of certain sugars change in rotation on standing. The 
specific rotation of glucose sinks to one-half before becoming constant. 
The phenomenon was therefore termed hirotation. But when the 
rotation of other sugars was found to diminish to a less extent than 
one-half, whilst that of maltose was observed to increase on standing 
the name was changed from birotation to multiroiation. As the latter 
term implies some simple ratio between the original and final yalues, 
the word mutarotation recently adopted by Lowry, which postulates 
neither increase nor decrease in any special ratio, but merely indicates 
a change in either sense, is to be preferred. The following table shows 
the initial and final rotations of a series of natural sugars : * 



i 


Initial 


Final 


d-Glucose 


110° 


52-6'' 


d-Fructose 


-uoo 


-980 


d-Mftnnose 


-14° 


14» 


Galactose 


140'' 


80-4 


Lactose 


860 


65-8° 


Maltose anhydride 


118-7 


187-0 


Arabinose 


184*» 


104-5 


Xylose 


lOO** 


19-8 


Bhamnose 


-?*» 


+9-4 


Fucose 


-1120 


-77-0 


Helibiose 


171** 


148" 



The ch^ge, which frequently takes several hours to complete, may 
be hastened by boiling the solution, or by adding certain reagents, 
such as ammonia or other alkali. Many other groups of substances 
exhibit this change of rotation, which is clearly indicative of an 
alteration in the structure or configuration of the molecule.^ It is 
a subject of the greatest possible interest and is more fully discussed 
in the chapter on isomeric change (p. 813) and on the sugars (Part 
III, p. 51). 

> Walden, Ber., 1897, 80, 2889. 
< G. S. Hudson, J. Amer, Oiem. Soc., 1910, 82, 889. 
s Parcus and Tollens, Annakn, 1890, 257, 160. 
* Pope and Bead, 2Vans. Ckem. Soc, 1909, 86, 171. 
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Optical Supnposltioii. According to yant Ho£F the optical 
effect of each asymmetric group is retained independently of the 
other asymmetric groups present in the compound, so that tlie total 
effect is the sum of the actiyities of all the asymmetric groups. This 
relation has been termed by Guye and Gautier ^ cptical superpasUiotu 
It has been experimentally testod by Guye and by Walden* in the 
following way, which on reflection will be seen to afford no proof 
of van 't HofTs proposition. Suppose the rotation of an ester, com- 
posed of an active alcohol A and an inactive acid B, is known, and 
also that of a second ester, composed of the inactive variety of the 
same alcohol A with one of the active acids of B, the two compounds 
wiU be represented as follows : 

(1) A + B 

Aotive. Inactive. 

(2) A + B 
Inactive. Active. 

On summation of the results the inactive alcohol and acid cancel and 

leave 

(8) A + B 

Active. Active. 

In other words, if two liquids (1) and (2) are mixed, the observed 
rotation wiU be due to the compound of active alcohol A with active 
acid B. The problem may be viewed in another way : (1) is a mixture 
of two esters, namely, active alcohol, which we will suppose to be the 
dextro enantiomorph, with d- and 2-acid, and (2) is also an assumed 
n^ixture of d-acid with d- and I-alcohol : 

(1) dA,dB + dA,m 

(2) dA,dB+lA,dB 

Now adding the two specific rotations is equivalent to mixing 
equal quantities of the two liquids. The compounds dA^ IB and 
2A, dB are strictly enantiomorphous according to the theory, and 
will produce inactivity, leaving the active compound dA, dB, which 
comprises half of each original mixture (1) and (2), so that the 
combined effect gives the rotation dA, dB, that is, the sum of the 
rotations (1) and (2). 

The following observations of Walden confirm the above theoreti^ud 
deduction : 

* CompL rend., 1894, 116, 740, 952. 

* ZeiL pftys. a«m., 1896, 17, 721. 
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1. i. 


i. 1. 


1. L 


Calculated. 


Amyl lactate 
Amyl mandelate 
Amyl malate 


-6-88 

-96-46 

-9-92 

d. i. 


+ 2-64 
+ 2-76 
+ 8-50 


-8-98 

-9402 

-6-88 

d. 1. 


-8-74 

-98-70 

-6-42 


Amyl phenylchloraoetate 
Amyl ohlorosuccinate 
Amyl tartrate 


+ 28-81 
+ 21-66 
+ 14-10 


+ 8-23 
+ 8-75 
+ 8-37 


+ 26-79 
+ 25-15 
+ 17-78 


+26-54 
+25-81 

+17-47 



It is clear that the result does not touch the question of the optical 
value of a particular group. In point of fact there is very definite 
evidence that the optical activity of a group is determined by its 
environment in the molecule and has no fixed value.^ 

Bosanoff has. deduced this from Walden's own observations. If 
the configurations of the asymmetric groups in {-amyl d-tartrate 
[M]d = + 60-66° and ?-amyl Z-tartrate [M]d = ~ 31.12° do not influence 
one another's rotation, the two esters should show the same differences 
in regard to the rotation of ^amyl mesotartrate, which Walden found 
to be [M]d= + 13-83°, but the differences are far from being identical. 

In the same way Patterson and Kaye ^ have shown that the menthyl 
esters of the three diacetyl tartaric acids have respectively the rota- 
tions [M]d = - 226° (dextro), - 382° (laevo), and - 280° (meso), show- 
ing differences of 54° between dextro and meso and 102° between 
laevo and meso form. Tschugaeff ' has attacked the problem in a 
somewhat different fashion. By combining the three tartaric esters 
with 2-menthyl carbimide CioH^o^-^^i ^^^ ^^^ ^fenchyl carbimide, 
GioHi7N:CO, he has produced urethanes in which the asymmetric 
groups in the two combined compounds have different rotations and 
dispersions, thus producing what Tschugaeff terms compounds of 
intramolecular abnormal dispersion. Here the difference between 
the observed and calculated values in chloroform and acetone solu- 
tion only varies by 1 to 5 per cent. He considers that ' the super- 
position rule is valid at least to a first approximation '. 

Theory of Chiye and Cmm Brown. Assuming optical activity 
to be a function of the asymmetry of the molecule, we are still 
ignorant of any direct connection between the two whereby the 
magnitude of the rotation may be measured in terms of the dimensions 
of the radicals composing the asymmetric molecule. Grum Brown * 



1 Bosanoff, J. A ner. Chem. Soc., 1906, 28, 528. 

^ Trans. ChmtL Soc, 1907, 91, 705. ' Tschugaeff and Glebko, Ber., 1918, 46, 2752. 

« Fnc. Roy. Soc, Editilb., 1890, 17, 181. 
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suggested that if each of the radicals possesses a function K which 
determines its rotation, the differences between these functions will 
give the rotation of the molecule. He concluded from experimental 
evidence that the function increases with the size of the radical. 
Guye ^ has approached the subject from a similar, but broader, stand- 
point. The amount of asymmetry is determined by the displacement 
of the centre of gravity of the regular tetrahedron from its six planes 
of symmetry. The six values are measured by the distances of the 
six perpendiculars drawn from the centre of gravity to these six planes 
of the regular tetrahedron, and when multiplied together form what 
he terms the product of cisymmetry. If d^ . . . df^ denote these 
distances, the product of asymmetry P is given by the expression : 

As a first approximation Guye assumed the tetrahedron to be regular, 
and estimated the values of d^ • . . dg from the differeDce of the 
masses m|, m^ m^, m^ of the four radicals located at the summits. 
If m^ ) ^2 ) ni3 ) ^4 represent the order of magnitude of the masses 
the above expression becomes : 

p ^ (mi-wi2)(wi-wt3)(Wi~W4)(ma-ma)(fW2-ffl4)(w3-W 4) 

(Wi + f»2 + W3 + m4)® 

This expression satisfies the following essential conditions, that if 
two groups are identical it equals zero, that is, the substance becomes 
inactive ; also, if two groups are interchanged, it becomes negative, 
which signifies a change of sign, that is, the formation of the enantio- 
morph. The results of the above expression may be stated as 
follows : 

1. If the masses of any two radicals become equal, P = 0, that is, 
optical activity will vanish. 

2. If mi increases or m^ diminishes in value, P increases, and 
consequently the rotation will rise. Ofcher relative changes will 
produce a rise or fall in rotation. 

8. If there is a change of sign of 1, 8, or 5 of the factors, it will be 
followed by a change of sign of P. For example, when m^ becomes 
greater than m^, the first factor becomes negative, and the compound, 
which we may suppose was originally dextro-rotatory, now becomes 
laevo-rotatory, the amount depending on the differences between the 
masses of the groups in question. 

To test his theory, Guye compared the rotatory power of forty- 
three compounds derived from active amyl alcohol. 

» Compt. rend., 1890, 110, 714 ; 1891, 111, 746 ; 1892, 114, 478 ; 1898, 116, 1188, 
1878, 1461, 1464 ; 1894, 119, 906 ; 1896, 120, 167, 462, 682, 1274, &c. 



286 



STEBEOCHEMISTBY OF CASBON 



Aetive amyl alcohol has the formula : 

(29) C,H, 



(15) CHj— C— CHjjOH (31) 



« H 

(1) 

in which the masses of the radicals are in the order GH20H(31) ) 
C2H5 (29) > CHj (16) > H (1). On increasing the mass (m^) of the 
carbinol radical {JR) there should be a corresponding increas in 
rotatory power. The following are some of the numbers obtained : ^ 



R 


mj. 


Rotatioxi. 


CHaCN 


40 


1° 


16' 


CH^SH 


47 


1** 


7' 


CH2CI 


49-5 


1** 


6' 


CHa . COaH 


59 


8° 


20' 


CH,Br 


94 


4** 


24' 


CHal 


142 


8* 20^ 



The numbers aeree well with the theory. Nevertheless the hypo- 
thesis in its original simplicity has not been supported by the results 
of subsequent research. Ouye himself soon discovered that two 
different groups of equal mass did not destroy optical activity. 

If active amyl alcohol is oxidised to the aldehyde, there are pre- 
sent in the molecule an ethyl (CgHg — 29) and an aldehyde group 
(CHO = 29), both of which represent equal masses, yet the compound 
is active. Purdie ' has shown the same thing in the case of ethozy- 
and propozy-succinic acids, 



C0H5O.CH.COOH 



C3H7O.CH.COOH 



CHo . COOH 



^2 



C«H.O = COOH 



'2-"6 



CHg . COOH 
C3H7O = CHg . COOH 



and Walden has produced many similar examples, thus : 

[o]d « -146** [a]D « -118* 

C (CeH,) (OC2H3O) (COOCH3) H C (CeH,) (OCeH.O) (COOC.H,) H 
77 69 69 1 77 78 73 1 

Acetyl mandelic (methyl) ester. Propionyl mandelic (ethyl) ester. 

Walden ' has subjected the theory to a still more searching criticism. 
He found that the acyl derivatives of the malic esters have a nearly 
equal rotation irrespective of the mass of the acid radical 



1 Ann. aUm. Phys.^ 1893 (6), 26, 146. * Trans. Ckem. 80c., 1896,67, 94«. 

• Zeii. phys. Chan., 1894, 16, 638 ; 1896, 17, 246, 706. 
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Acyl radical in 
dimethyl malate. 



CH,BrOo <= 122 

G4H9CO » 86 

CHjClCO - 77-6 

CsHtCO . = 71 



Wi 



-22-40" 
-22-89 
-23-30 
-22-40 



The mono-halogen derivatives of the succinic esters, on the other 
hand, have a nearly equal dextro-rotatory activity irrespective of the 
alcohol radical Walden finds that the following two substances, 
with groups of nearly equal masses^ have nearly equal hut opposite 
rotatory power : 

n-butyryl malic diisobutyl ester 

mi = 115, fWg - 101, «3 = 87, [a]D = - 26-68^ 

bromoeuccinic diisobutyl ester 

Wi = 115, m^ - 101, f»3 = 80, [o]d - + 28-56^ 

Equality of the masses does not therefore produce inactivity, nor 
does inequality necessarily cause a change of rotation. Just as little 
does a reversal in the masses give rise to a change of sign. 

MandeUc acid C (CeHs) (COOH) (OH) H [ai,] - - 158^ 

77 46 17 1 

MandeHc isobutyl ester C (CeHg) (COOC4H9) (OH) H „ - 100 

77 101 17 1 

Acetyl mandeUc ester C(CeH5)(COOH)(002H30)H „ -156 

77 46 69 1 

Perhaps the most striking case showing the effect of equal masses 
is that of propyl, isopropyl cyanacetic acid, which in spite of the close 
similarity of the two alkyl groups has been resolved into its active 
components.^ 

Refbbencbs 
See end of Chapter IV. 

^ Fischer and Flatau, Ber., 1909, 42, 2981. 



CHAPTER IV 

STEBEOCHEMISTRY OP UNSATURATED AND CYCLIC 
COMPOUNDS {GEOMETBICAL ISOMERISM) 

A FORM of isomerism which cannot be explained by ordinary 
Biructural relations, nor yet by molecular asymmetry, has long been 
observed among the unsaturated compounds of the ethylene series. 

The earliest example is that of maleic and fumaric acid, both un- 
saturated dibasic acids of the formula C2H2 . (C02H)2. They are 
obtained from malic acid by distillation, when maleic acid in the 
form of its anhydride sublimeef, whilst fumaric acid remains in the 
retort 

Pumaric acid sublimes at 200^ without melting, is but slightly 
soluble in water, and crystallizes in needles ; maleic acid melts at 
130°, dissolves readily in water, crystallizes in rhombic prisms, and 
forms an anhydride at a temperature a little above its melting-point. 
The close similarity in structure follows from the fact that they both 

yield succinic acid on reduction, both regenerate 
malic acid on heating in a closed vessel with water, 
and each can be readily transformed into the other 
by means which will be presently described. The 
kind of isomerism was foretold by van 't Hoff in Iai 
Chimie dans VE^^xicCf published in 1877. The 
importance of the theory then advanced has been 
brought into prominence by the experimental re- 
searches of J. Wislicenus, which were embodied 
Fro. 87. in a brochure bearing the title Die Lagerung der 

Atome im Baume, and published in 1887. Van't 
HofTs conception of a simple unsaturated compound like ethylene is 
that of two regular tetrahedra united by a common edge with the 
four remaining summits occupied by hydrogen (Pig. 87)t 

The same idea is presented by the four-bond carbon models by 
supposing the carbon atoms to be united by two pairs of bonds, 
and the remaining two pairs to be linked to hydrogen atoms. 
If the bonds diverge at equal angles from the central carbon atom, 
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and retain their positions when the carbon atoms are doubly linked, 
the space arrangement of ethylene, viewed in perspec- 
tive, will appear as in Fig. 88. 

It follows from this space conception that the 
hydrogen atoms lie in one plane, and at the same time 
iiiQjree rotation of the carbon atoms is suspended, that 
is, the hydrogen atoms are fixed. If now the hydrogen 
atoms are replaced by two pairs of unlike groups ab, 
ab, or by groups ab, ac or ab, cd, the system will offer 
possibilities of space isomerism. By interchanging ' yiq. 88 
one pair of groups, which may be conveniently 
represented by projection formulae, the following pairs of isomers 
'will be formed : 




a— 0— b a-C— b 

II II 

a— C— b b— C~a 



a— C-b a— C— b 

II II 

a — C— c c — C — a 



a-C-b a-C— b 

II II 

c— C— d d— C— c 



Fumaric and maleic acid will have the following space formulae : 

COOH— C— H COOH— C— H 



H-C— COOH COOH-C— H 

Since the two pairs of groups lie in one plane, asymmetry is excluded, 
and with it both optical activity and enantiomorphous crystalline 
structure. 

Le Bel's conception differs in a fundamental point from van't 
HofiTs. It neither assumes the tetrahedral grouping of van 't Hoff 
nor the spatial distribution of four carbon bonds, so that it is left 
undecided whether the two pairs of groups attached to the carbon 
atoms lie in the same or in different planes ; in other words, it does 
not wholly exclude asymmetry, and isomerism may manifest itself 
by optical activity. 

The few cases of supposed activity of ethylene derivatives have 
been traced to errors of observation. The activity of a solution of 
citraconic acid ^ produced by the growth of fungi was found to arise 
from the formation of methyl malic acid, probably by the activity 
first of water and then of the organism. 

CHa . C(COOH) : CH(COOH) -> CHaqOHKCOOH) . CHaCCOOH) 

Gitraoonic acid. Methyl malic acid. 

The supposed activity of styrene CeH5CH:Cn2 and of chlorofu- 
mario and chloromaleic acid CO2H . CGI : CH . CO^H ' belong to the 

^ Le Bel, BuU. Soc. CMm., 1894 (8). 11, 292. 
* Perkin, Trans. Chem, Soc., 1888, 58, 695. 
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same category of inaccurate observations. It is significant in this 
connection that among the many unsaturated compounds found in 
nature, such as oleic, fumaric, coumaric {cis and trans), piperic acid, &c., 
not one is activa Even unsaturated compounds derived from active 
substances, like fumaric and maleic from active malic acid, bromo- 
cinnamic acid from active cinnamio acid dibromide, &c., are inactive : 
CeH^CHBr . OHBr . COOH - CeHgCBr : CH(COOH) + HBr 

CinDamio acid dibromide. Bromocinnamio acid. 

Although all the facts support van 't Hoifs theory which disposes of 

asymmetry in ethylene derivatives, it should be 
pointed out that where two ethylene linkages 
occur of the form Cab : C : Ccd, asymmetry is pos- 
sible, for the two pairs of groups now lie in 
planes at right angles to one another (Fig. 89).^ 

Such substances should exist in enantiomor- 
phous forms and exhibit optical activity, but aa 
they are difficult to prepare, experimental con- 
firmation is still wanting.' A case very similar 
to the above is presented by replacing one of the 
double bonds by a ring structure. Two different 
groups attached to one of the carbon atoms of the 
ring would throw the two pairs of groups into 
different planes, and thus produce molecular 
asymmetry. Supposing the hexagon in the fol- 
lowing diagram to lie in a plane vertical to the 

surface of the paper (indicated by dotted lines), the two pairs of 

groups a, b, will lie in opposite planes, 

a 




FiQ, 89. 



'jczx:^;' 



and the one configuration will not be superposable on its mirror 
image. Thus, molecular asynmietry is produced without the four 
groups being necessarily different As to whether the carbon atoms 
indicated by asterisks are asymmetric or not, seems to be rather 
a matter of definition than of principle, and provided the molecule 
presents no plane of symmetry, it should exist in optically active 
forms.' Compounds of this character have been recently prepared 

^ See Perkin and Pope, Proe, CKem. Soc, 1906, 22, 107, and Marckwald and Meth, 
£«r., 1906,80,1171, 2086. 

' Lapworth and Weehaler, Trans, Cffiem, Soc, 1910, e?^ 88. 

s Everest, iVoc, 1911, 27, 285 ; Harsh, Proe,, 1911, 27, 817; Perkin, Pope, and 
Wallaeh, Tram», Ckem. Soc., 1909, 85, 1786. 
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and resolyed by Perkin, Pope, and Wallach.^ One of the substances 
in question was prepared from hexahydro j^tolyl acetic acid by 
bromination and removal of hydrobromlc acid. 

I12C dl2 

CH3 . IlG<^ \CH . CHg . COOH -* 
H^J CI12 

H20 CI12 

CH3 . Hc/^ \CH , CHBr , COOH -» 

II2C CII2 

CH2 

^CcCH.COOH 
CH2 

The compound was resolved by crystallization with brucine into its 
enantiomorphs. Optically active forms of the compound 




H/^CH.— CHo/^ 



CHBr 

^2 

were also obtained.' By a simple extension of the theory to trebly 
linked carbon atoms a compound like acetylene would be represented 
by two tetrahedra with two faces in contact, or by a pair of carbon 
models attached by three bonds of each (Figs. 40 and 41). 

It is clear that a spatial arrangement of this character offers no 
possibility of space isomerism, a prevision which is fully attested by 
experience. 





Fia. 40. Fio. 41. 

Propertimi of the Xsomam. The theory of van 't Hoff propounds 
a condition of things which bears a much closer resemblance to our 
conception of structural than of the optical isomerism. In fiimario 
and maleic acid the moleculardimensions and attractions are obviously 

1 Tram. Chem. Soe.^ 1909, 96, 1786. 

' Perkin and Pope, Tran$. Chim. Soc., 1911, 87, 1610. 
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different, and isomerism might therefore be expected to manifest itself 
by such properties as distinguish structural isomers. This view is con- 
firmed by experience. The isomers differ in crystalline form, solubility, 
density, meltings and boiling-point, conductivity, or affinity constant ; 
also in stability, which shows itself in chemical behaviour and heat 
of combustion ; finally, in molecular dimensions, which determine 
certain aspects of chemical activity known as steric hindrance (1. 330). 
The spatial relations of the compounds not depending on stnictural 
differences, which distinguish them from structural isomers, are 
manifested by the ease with which they undergo mutual conversion 
on heating or by the action of reagents, recalling, in this respect, the 
process of racemisation or optical inversion. 

Geometrical iBomers. In order to distinguish this kind of 
isomerism from that of optical isomers, on the one hand, and of 
structural isomers, on the other, the term geometrical isomerism has 
been introduced. It constitutes a special case of stereoisomerism. 
Among the characteristic groups which exhibit geometrical isomerism 
are the following : ^ 



Dimethylethylene 

Stilbene 

Dichloroethylene 

Dibromoethylene 

Diiodoethylene 

a-Chlorobutylene 

a-Bromobutylene 

Ohlorostilbene 

Tolanedichloride 

Tolanedibromide 

Diiodostyrene 

0- and|?-Dinitrostilbene 

Nitrostilbene 

a>-Nitrostyrene 

o-Aminostilbene 

Crotonic and Isocrotonic Acid 

Tiglic and Angelic 



Qaldic and Hypogaaic 

Oleic and ElaYdic 

Erucic and Brassidic 

orChlorocrotonic 



9t 



9f 



>> 



J9 



ft 



» 



OS3 • OM : Cxi • CH3 

CgHg . CH : CH • C0H5 

CICH : CHCl 

BrCH : CHBr 

ICH : CHI 

CHj . CH : CCl . CHj 

CH8.CH:CBr.CHs 

CgHg.CHtCCl.CsHg 

CeHjCChCClCeHj 

CjHjCBrcCBrCjHs 

CgHjCI : CHI 

(NO2)0eH4CH : CHC.H^INO J 

CeH4C(N0j):CCeHB 

CjHgCH : CH(NOji) 

(NHs)CeH4CH : CHC.HiCNHj) 

CHj.CHiCH.COOH 

CHj . CH : CtCHs) . COOH 

Ci3H2,CH : CH . COOH 

CgH„CH : CH(CHj)jCOOH 

CgHjjCH : CH(CHs)„COOH 

CH3.CH: CCl. COOH 

CH,. CCl :CH. COOH 



/3-ChIorocrotoDic 

' A more oompl.te list will be found in Werner's Lehrbueh dtr SUnoektmit, p. 189. 
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)5-Bromoacrylic Acid CHBr : CH . COOH 

/J-Iodoaorylic „ CHI :CH. COOH 

Cinnamic and Allocinnamic „ CgHgCH : CH . COOH * 

a-Chlorocinnamic „ CeH^CH : CCl . COOH 

a-Bromocinnamic „ CgHgCH : CBr . COOH 

i8-Chlorocinnamic „ CgHfiCCl : CH . COOH 

/S-Bromocinnamic „ CeH^CBr : CH . COOH 

a-Methylcinnamic „ CeHgCH : qCHg) . COOH 

a-Phenylcinnamic „ CeHgCH : CCCeHg) . COOH 

Coumario „ (OH)CeH^CH : CH . COOH 

Pumaric and Maleio „ COOH . CH : CH . COOH 

Heeaconic and Citraconic ,, COOH . CH : C(CH3)C00H 
Phenylitaconic and phenyl- 

aticonic Acid C^HgCH : qCHgCOOH). COOH 

and numerous halogen, aryl, and alkyl derivatiyeB of fumaric and 
maleic acid. 

Detearmixiation of Ckvallgiiratioa. Before disousaing the methods 
which are used for determining the configuration of the geometrical 
isomers^ the system of nomenclature must be briefly indicated. In 
the simplest case of two pairs of groups abC : Cab the first of the two 
isomers 

a— O— b a— C— b 

II II 

a— C— b b— C— a 

is distinguished by haying the same groups on the same side of the 
molecule. It exhibits lateral symmetry, and is known as the plane- 
symmeMc, or, more commonly, as the da or mdUnoid form. The 
second isomer has its similar groups diagonally opposite, and is known 
as axM-symmetriCy trans or fumaroid form. The terms malenoid and 
fumaroid have, of course, reference to maleic and fumaric acid, the 

^ Allooinnamic aeid presents an interesting example of trimorphism. Three 
substances are known possessing different crystalline forms and melting at 42°, 
58°, and 68° respectively. That they represent one substance is shown in 
various ways; by fusion and supercooling and then introducing one of the 
modifications, the substance assumes the melting-point of that modification 
(Liebermann and Trucksass, Bar., 1909, 42, 1027, 4669; 1910, 48, 411 ; Biilmann, 
Bar,, 1909, 42, 1448), they all possess the same conductivity in solution (Biilmann 
and Bjerrum, Ber,, 1910, 43, 568), they exhibit the same selective absorption in 
the ultra-violet (Stobbe, Ber,, 1910, 43, 504), the same refractivity (Stobbe, Ber., 
1911, 44, 2785), and the same solubility in the fused state (J. Meyer, Ber., 1911, 
44,2966). 

The a-methyl dnnamio acids (m. p. 82° and 74°) which present a similar 
case of dimorphism are trans compounds and can be converted by means of 
ultraviolet rays into the cia compound m. p, 92° (Stoermer, Annalen, 1915, 409, 
18,20). 

B 2 
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configurations of which have been ascertained and correspond to the 
cis and trans forms : 



Maleio acid. 

COOH— C—H 



COOH— C— H 

Plane-symmetric. 
Malenoid or cis form. 



Fumaric acid. 

COOH— 0— H 

II 
H— C— COOH 

Azial-symmetric. 
Fumaroid or trans form. 



Where only one pair of similar groups is present, the terms cis and 
trans apply to that pair; where all the groups are different the 
terms cannot be used, and the difference is indicated in some other 
way. 

The general principle which underlies the methods used in 
determining confi^ration is one which has long lent itself to this 
kind of inquiry, namely, the interpretation of a chemical change 
as a mechanical process in which spatial relations of the original 
molecule persist in the new product, an assumption which, it may 
be said in passing, is not always supported by experience. The 
method has its limitations and must be used with caution, since such 
changes are not always simple and do not invariably proceed in what 
one is accustomed to call a normal fashion. 



First Method. Formation of Cyolio Btmotnres. Among the 
isomeric dibasic and hydroxy acids one member of the pair is usually 
found to yield an anhydride more readily than the other. Maleic and 
citraconic acids give anhydrides on heating, and are converted into 
the original acids when dissolved in water. This is taken as an 
indication of the proximity of the two carboxyl groups. Maleic and 
citraconic have therefore the cis configuration : 



H— C— COOH 

II 
H— C— COOH 

Maleic acid. 

CHo-C— COOH 

I! 

H— C-COOH 

Citraconic acid. 



H— C— CO. 

II >0 + HaO 

H-C-CO^ 



^2' 



Maleic anhydride. 
CHg— C— CO. 

II yo + Bfi 

H— C— CO^ 

Citraconic anhydride. 
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It is true that fumaric and mesaconic acid pass into anhydrides 
on heating, though less readily than the isomers, but the anhydrides 
are those of maleic and citraconic acids. That the above interpretation 
of the facts is correct follows from independent evidence afforded by 
the character of the stereoisomeric tartaric acids, which maleic and 
fumaric acid yield on oxidation, and which will be referred to 
presently (p. 248). Having determined the configuration in this 
way, it is possible to fix that of related compounds. Thus the two 
iodoethylenes have been converted into fumaric and maleic. acid 
respectively and their configuration ascertained.^ The conversion 
of the two coumaric acids, OH . C^H^CH : CH . COOH, into lactones 
may be used in the same way to distinguish the cis from the trans 
isomer. One acid passes at once into the lactone, coumarin, when 
liberated from its salts by the addition of acid, whereas the second 
coumaric acid is much more stable and requires an active reagent 
like hydrobromic acid to effect the change. The lactone passes into 
the sodium salt on the addition of sodium hydroxide, from which it 
is again liberated by acids, but if the strongly alkaline solution is 
boiled the second isomer is formed, which acids no longer precipitate 
as lactone. The first or labile acid will therefore have the hydroxy! 
and carboxyl in closest proximity. 

H— C-CeH4(0H) H— C— CeH^COH) 

H— C— COOH COOH— C— H 

Ooumario acid (labile). Goumario aoid (stable). 

H — C— CgH4v 

II > 

H— C — CO ^ 

Coumarin. 

The above examples will serve to illustrate the principle of the 
anhydride method for distinguishing geometrical isomers. The 
reverse of this process has been occasionally utilized for ascertaining 
configuration, but as the conversion of a ring into an open chain 
compound requires more drastic treatment than the former process, 
isomeric change may occur, and the results cannot be relied on with 
the same security. It is found, for example, that benzene and its 

^ Keiser and Macmaster, Amer, Chem. J., 1911, 46, 518. 
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derivatiTes usually give derivatiTes of maleic and not of fumarie 
acid. Benzene itself was conyerted by Kekuld* into triohloracetyl 
acrylic acid, which breaks up in turn into maleic acid and chloroform : 



HC 



HO 



CH CO H HOOC H 

II — II +CHC1, 



CH 



CH C C 

! H HOOC H 



HOOC 

Trichloracetyl Maleio acid, 

acrylic acid. 



Zincke ' obtained dichloromaleic acid by the action of chlorine on 
p-aminophenol in alkaline solution. Derivatives of other ring 
compounds — furfurane, thiophene, and pyrrole — ^likewise yield deri- 
vatives of maleic acid.' 

Second Method. Conversion of Acetylene into XSthylene 
BeziTatlTeB. When tolane C^ELfi • CG^IB.^ combines vrith two 
atoms of chlorine and passes into the dichloride CeHgOCliCClCeHgy 
it might be supposed that the formation of & cis compound would 
produce the least disturbance in the molecular arrangement and 
would therefore be formed in the largest amount. 

CeHg 
I 

III +Cl2= II 

C CeHfi-C-Cl 



CeHg 
Consequently the tolane dichloride {m,p, 143°) obtained in this way 
may be regarded as the cis compound, whilst that obtained hoja the 
tolane tetrachloride by removal of chlorine (m. p. 63°) will represent 
the trans configuration. This principle, which was laid down by 
J. Wislicenus,* has been applied in a variety of case& Phenyl- 
propiolic acid is converted on reduction with colloidal palladium and 
hydrogen into allocinnamic acid. 

CeHg-C CeHg-C-H 

111 + Ha -^ II „ 

COOH— C COOH— C— H 

Phenylpropiolic acid. Allocinnamic acid. 

1 jlnfuOm, 1884, 288, 170. ' Ber., 1891, 24,912. 

* Ciamioian and Silber, Ber,, 1887, 20, 698, 2594 ; Ciamician and Angeli, ^ar., 
.1891, 24, 77, 1847. « DU r&umliche Anordnung dor AUme, p. 24. 
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/9-Bromocinnamic acid, obtained by the addition of hydrogen bromide 
to phenylpropiolic acid, and its reduction product, allocinnamic acid, 
must have the following configuration : 

CcHs— C— Br CeH^C-^H 



COOH— O-H OOOH— C— H 

^-Bromocinnamio acid. Allooinnamio acid. 

Behenolic acid GigHsgClCCOOH gives on reduction brassidic and 
not erucio acid, and has the configuration : 

Cgxli^if — C — B[ 



H00C(CH2)ni 

Brassidic acid. 

In these cases the accuracy of the conclusions cannot be supported 
by independent proof. It is otherwise with acetylene-dicarboxylio 
acid GOOH.GiC.GOOH, for the configuration of the additive com- 
pounds with bromine are known, and the product, which, according 
to the above argument, should consist mainly of dibromomaleic acid, 
contains, even under the most favourable conditions, a larger propor- 
tion of dibromofumaric acid. The presence of the trans isomer was 
ascribed by Wislicenus to a secondary process, brought about by the 
action of bromine or hydrogen bromide on bromojmaleic acid, but 
the explanation has been rendered untenable by Michael,' for hydro- 
chloric, hydrobromic, and hydriodic acid yield in the same way 
chloro-, bromo- and iodo-fumaric acid,* which cannot be ascribed to 
the action of the halogen acid on the cis compound, seeing that 
bromo-maleic acid remains unchanged in presence of hydro- 
bromic acid. 

Other reactions of the same nature are the addition of hydrogen 
chloride to tetroUc acid GHs.GlG.GOOH, which yields trans chloro- 
crotonio acid.' 

The method has consequently lost its value.* The reverse process 
of converting an ethylene into an acetylene derivative has also been 
proposed by Wislicenus, but appears to be open to the same dis- 
advantage as the former one. Bromopropylene (b. p. 63-66^) is more 
slowly decomposed by alcoholic potash than its isomer (h,p. 59*5°), 
and the former might therefore be assumed to have the hydrogen 
and bromine atoms in the trans position, whilst the latter would 
represent the cis compound. 

1 J. pnkt, Chem., 1892, 46, 210 ; 1895, 62, 852. 

* Bandrowski, Ber.^ 1882, 15, 2694. * Friedrieh, Annalm, 1888, 210, 870. 

* P. F. Frankland has oifi^red an explanation of these anomalous results 
(IVaiM. (Stem. Soc., 1912, 101, 678). 
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H-^C— CHc 



H— C-CH, 



H— C— Br Br— O-H 

h. p. 68-66'. b. p. 695". 

But it 18 found that /9-Chlorocrotoiiic acid, bromostilbene, and 
bromobutylene lose hydrogen chloride or bromide more readily from 
the trans than from the cis positionB. 



a-c-CH 



8 



H • 0— C«B[, 



COOH— C— H 

/3-ChIoroorotonic acid 
(frana H,C1). 



II 



e-"6 



H — C — CB[< 



C^Hj— 0— Br 

Bromostilbene 
(irans H,Br). 



CH3— C— Br 

Bromobutylene 
(trana H,Br). 



Moreover, dibromofumaric ester is more easily transformed by 
zinc into acetylene dicarbozylic ester than its isomer, and the same 
is true of bromo- and chloro-fumaric acid.^ In short, it seems to be 
the general rule that elimination of both halogen and halogen acid 
from the trans position is more easily accomplished than from 
the cis.* 

Third Method. ConTernon of Ethylene DerivatiTes into 
Saturated Compounds. The method is perhaps best explained 
by taking, by way of illustration, an actual experiment. It has been 
found that when maleio and fumaric acid are oxidised with potas- 
sium permanganate, they take up two hydroxyl groups and yield 
inactive tartaric acids, but whereas maleic acid gives the meso- 
acid, fumaric acid yields racemic acid.' This result agrees precisely 
with the configuration of the two geometrical isomers ascertained by 
the first method. The mechanism of the change will be evident from 
the following considerations. Assuming, in the case of maleic acid, 
that the carboxyl groups and hydrogen atoms have the cis con- 
figuration, it follows that if either link of the double bond is 
broken, by the addition of hydroxyl groups, the same product must 
result, namely, meso-tartaric acid, in which the two halves of the 
molecule stand in the relation of object and image. 

OH 

/ 
HOOC-C-H 



HOOC-C— H 



+ HoO + = 



HOOO— C-H 



OH 

/ 
HOOO-C-H 



Hooc— c— n 

A 

HO 



Maleio aoid. 



HOOC-C— H 

/ 
HO 

Heso-tartario acid. 



1 Michael, J. prakU Chm.^ 1892, 46, 280; 1S95, 62, 807. 

s P. F. Frankland, IVanf. Ckem. Soc, 1912, 101, 681. 

< Kekul^ and AnMhutz, £«r., 1880, 18, 2610 ; 1881, 14, 718. 
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If fiimaric acid is oxidised the effect is otherwise, for the trans 
configuration will permit of the hydroxyl groups occupying two 
different positions according to which of the ethylene bonds is 
raptured. 

OH 

/ 
HOOC— C— H 



HOOC-0— H 

II 
H— 0— COOH 



Famaric acid. 



OH 

/ 
H-0— COOH 

HOOC- C— H 

A 

HO 

H— C— COOH 

/ 
HO 

d- and {-tartaric acid. 



Now these two config^urations stand in the relation of dextro and 
laevo tartaric acid, and, since they must be formed in equal quantity, 
racemic acid results (p. 1 76). 

Cinnamic and allocinnamic acid can also be oxidised in the same 
way, each yielding a different phenylglyceric acid, but, as the latter 
contains two dissimilar asymmetric carbon atoms, they can both be 
resolved into optically active forms,^ 

CeHs.CHiCH.COOH -► CeH^CHCOH) . CH(OH) . COOH 

It is a curious fact that the dibromosuccinic acid which is obtained 
by the action of bromine on fumaric acid yields, on hydrolysis, 
chiefly meso-tartaric acid, and that isodibromo succinic acid from 
maleic acid gives mainly racemic acid. Seeing that isodibromo 
succinic acid is the racemic form (for it has been resolved), inversion 
must occur on bromination (p. 254).' 

The course of a reaction involving the use of bromine is, obviously, 
subject to influences which may produce abnormal results, for it 
appears to form trims additive compounds by preference, that is to 
say, it has a tendency to generate the more stable form. 

The reversal of the process just described, that is, the conversion 
of asymmetric (meso and racemic) into ethylene compounds may be 



1 Riiber, Ber., 1915, 48, 82S. 

> M«Kenzie, TraiM, Ckem. Soc., 1912, 101, 1196 ; Holmbei^, Abstr. Chem. Soc. 
1912, 1, 4. 
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reckoned among the methods for ascertaining config^ation, provided 
that the configuration of the original stereoisomers is known and 
the reaction proceeds in a normal fashion. The meso compound 
should yield the eis derivative and the racemic compound the 
trans. Experiment in this direction has not been attended with 
any great success. The removal of hydrogen bromide from the 
meso and racemic dibromosuccinic acids yields chiefly bromofumaric 
acid in both cases. 

If the saturated compound is not of the asymmetric type, but is 
one like tolane tetrachloride CeH^CCla* CClaCgHs, which, by the 
action of zinc, can be converted into the unsaturated dichloride 
CeHgCClrCClCflHg, the configuration of the product depends as 
before on that of the original substance. But there is no direct 
method for ascertaining the configuration of the original substance, 
and an entirely new problem is introduced. 

Fourth Method. Action of Ultraviolat X«gU. Stoermer has 
utilized the Aeiioa of the uHraviolet rays, which are found to convert 
the more stable into the less stable isomer, in order to ascertain the 
configuration of a number of substances (see p. 252). 

Are the Atoms attached to singly linked Carbon ftzed? Do 

the different atoms or groups in a saturated compound of singly 
linked carbon atoms assume a fixed configuration relatively to one 
another, or are they in a state of oscillatory motion or rotation 
round the singly linked carbon? I^ as WisUcenus and others 
suppose, the former is the case, and that the groups arrange them- 
selves in positions of greatest stability, the difficulty of fixing these 
positions has still to be solved. Wislicenus proceeds in the following 
fashion : as fumaric acid is formed from malic acid at a tempera- 
ture of 140-150^, whereas the anhydride of maleic acid only appears 
at a much higher temperature, he concludes that the &voured or 
more stable configuration of malic acid is represented by the 
following space formula: 

OH 

HOOC— C— H 



H-C-COOH 

• 

I 
H 

The hydrogen atom and hydroxyl group occupy ds positions, 
since in forming futnaric acid they are removed together. As the 



V, 
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effect of heat is to counteract chemical attraction, rise of tempera- 
ture may alter the original conditions and the two carboxyls may 
swing romid into cis positions, giving rise to the anhydride. An 
attempt has been made to test the principle quantitatively in the 
following way : * 

Suppose in tolane tetrachloride the three configurations in which 
two chlorine atoms occupy cis positions to exist side by side in 
equal amounts, or, in other words, to offer no fiftvoured configura- 
tion, a condition which might be supposed to obtain at a high 
temperature, 

01 a a 

I I.I 

01-0-0eH« CI— 0— CflHg a— 0— OeH^ 

I I I 

€1— 0— O^Hi 01—0—01 O0H5— 0— 01 

' i I 

a CA 01 

12 s 

the removal of two atoms of chlorine by zinc would give only two 
tolane dichlorides, since 2 and 8 generate the same product. 

a-O-OaHg Cl-0-OeHg 

a— -OeHa OeH^- 0— 01 

Ois from 1. Trans from 2 and 8. 

It therefore follows that under conditions wherein all three con- 
figurations are equally stable, one-third of the cis form along with 
two-thirds of the trtms isomer will be produced. Under conditions 
in which one of the three forms alone can exist, either the cis or 
trans form, but not both, would appear. 

The first condition is fulfilled at 80°, and only one-third of this 
cis compound is formed ; at lower temperatures the trans form 
predominates to the extent of considerably more than two-thirds. 
The question of fixity of configuration of saturated compounds is 
discussed more fully on p. 268. 

Oeometrical InTendon. A passing reference has been made to 
the mutual conversion of geometrical isomers or geometrical inversion 
and the resemblance which it bears to the process of racemisation or 
optical inversion. Transformations of this character, produced both 
by physical and chemical agencies, were first observed with fumaric 

> Blank, Anrudm, 1888, 248, 27. 
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and maleic acid. It has already been stated that fiimaric acid is 
converted into the anhydride of maleic acid on heating, and the same 
result is obtained with many of its derivatives; maleic chloride 
passes into fumaric chloride on standing; the methyl ester of 
)3-bromocinnamic acid (m. p, 147^) is converted into the isomer 
(nt. p, 169°) on distillation ; angelic acid passes into tiglic acid on 
heating for several houra In many cases only one product results ; 
in others, the process is reversible, for the same mixture of isomers 
is obtained whichever compound forms the starting-point. In a few 
cases light produces geometrical inversion. Paal and Schulze ' found 
that sunlight converts yellow trans dibenzoylethylene into the 
colourless cis form, and Wislicenus has shown that angelic acid 
dibromide under these conditions passes into tiglic acid dibromide. 
A very interesting method of affecting geometrical inversion is by 
the use of light rich in ultraviolet rays, such as is furnished by the 
mercury- vapour lamp. Stoermer' has found that by exposure to 
these rays certain high-melting and stable ethylene derivatives may 
be converted into their low-melting and labile isomers. Trans cin- 
namic and coumaric acid and their derivatives may be converted into 
the cis compounds. By the aid of this reaction Stoermer has succeeded 
in showing the relation between ct5-coumaric and allocinnamic acid 
in the following way. Ordinary or trans o-nitrocinnamic acid is 
exposed to ultraviolet rays and converted into the cis isomer. This 
is reduced to the amino compound, and then diazotised to coumaric 
acid. The amino group can be replaced by hydrogen by means of 
phosphorus acid, and the product is allocinnamic acid, m. p. 68^' 
The process has also been applied to the nitro-a-phenylcinnamic acids 
which are converted in the same way into the cis and trans a-phenyl- 
cinnamic acids. When these kre heated with barium oxide they 
lose carbon dioxide and yield the corresponding stilbenes.^ 

CeH.CH : C(CeH5)C00H -► CeH.CH : CH . C.Hg + CO^ 

Isostilbene corresponds to the cis and stilbene to the trans con- 
figuration. The solvent in the process of crystallization is known 
to effect the same thing. lodoacrylic acid (m. p, 65°) is converted 
on recrystallization into the isomer (m. p. 139-140°). Turning now 
to chemical reagents, maleic acid is converted into fumaric acid on 
heating with water under pressure ; but the most effective reagents 

1 Bw., 1902, 35, 168. 

> Ber., 1909, 42, 4866 ; 1911, 44, 687 ; 1912, 45, 8099 ; 19U, 47, 1786, 1795, 
1868 

> Ber.y 1912, 46, 8099. 

^ Stoermer and Heymann, Bar., 1912, 45, 8099 ; Annalen, 1916, 409, 18. 
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are the halogens and halogen acid& A trace of bromine or iodine 
converts maleic ester into f umaric ester. The action of the halogens 
is usually promoted by sunlight ; the change of citraconic acid dis- 
solved in ether into mesaconic acid, by the addition of a few drops 
of a chloroform solution of bromine, is very rapid on exposure to 
bright sunlight, and is readily observed. Iodine has a similar action 
on yellow dibenzalsuccinic acid, which passes into the colourless 
modification. Hydrochloric, hydrobromic, and hydriodic acid con- 
vert maleic into fumaric acid ; nitrous acid converts oleic into elaldic, 
and hypogaeic into gaYdic acid ; also nitric acid can be used for trans- 
forming citraconic into mesaconic acid. Finally, caustic alkalis 
convert maleinaminic acid, NH2OC . OH : CH . GOOH» into fumaric 
acid and citraconic into mesaconic acid. 

With few exceptions the conversion is complete, and probably 
follows the line of least resistance, that is, from the labile to the 
stable configuration, unless energy in the form of ultraviolet light 
is introduced into the system, when the reverse change occurs, as 
explained above. All these processes probably follow the law which 
governs isomeric change in general, and are cases of completed or 
incompleted neversible reactions accelerated by the intervention of 
a catalyst (see p. 852). 

'Il^he '^mechanism of these changes, as originally suggested by 
^^islicenus,' must, for various reasons, be abandoned. It is well 
yiknown that bromine combines with maleic acid to form dibromo- 
succinic, which, on boiling with water, yields bromofumaric acid, 
and that fumaric may be converted in the same way into bromo- 
maleic acid. Wislicenus supposed that an additive compound is 
first formed, namely, meso-dibromosuccinio acid (1); one carbon 
group then rotates on its axis until the hydrogen atom attached to 
the lower carbon comes opposite the bromine of the upper carbon 
group, as indicated by position (2), when hydrogen bromide is 
removed and bromofumaric acid results. 

Br 



HOOC - 0— H HOOC -C— H 

II + Br, = I 

HOOC— C- H HOOC— C— H v 

Br ^ 
Heso-dibromosucoinic acid (1). 

1 BdunUiehi Anordtntng dar Atcnn, J. Wislicenus, Leipzig, 1889. 
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Br 



HOOC— G— H 

I - HBr 

Br— C-COOH 

I 
H 

Meso-dibromosuooinic acid (2). 



HOOC-C— H 
Br— C— COOH 



Bromofiimaric acld« 



Fumaric acid, in the same way, was assumed to give racemic 
dibromosuccinic acid, lose hydrogen bromide, and so pass into 
bromomaleic acid. 

This explanation is confronted with the difficulty that maleio acid 
forms not the meso, but the racemic dibromo derivative, for it has 
been resolved into its active components,^ and that fumaric forms 
the meso compound (see p. 249).' It necessarily follows that both 
bromine addition and hydrogen bromide elimination must take 
place in both cases in the trans position thus : 



HOOC— G-H 

II 
HOOO— C— H 



Maleio aoid. 



( 



COOH 

I 
Br—C— H 

I 
H— C-Br 

COOH 



Br 



H-^C—COOH 
H 



I 



-C— Br 

I 
COOH 



H— C— COOH 



HOOO-C— Br 



Bromofamaric acid. 



Various views have been advanced to explain ^ran^addition and 
elimination, such as steric hindrance (Pai't I, p. 330), the proximity of 
certain groups in loosening the attachment of the atoms which are 
removed, and the strength of the acid as determined by the relative 



> M^KoDzlo, Trans, Chern, Soc, 1912, 101, 1196. 

2 Michaol, J. prakt, aam., 1892, 46, 222 ; 1895, 52, 852. 
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position of the two carboxyl groups.^ The &ct that the elimination of 
halogen by zinc from the two dibromosuccinic acids and the reduction 
of bromomaleic and bromofumaric acids yield in all cases the same 
fumaric acid, must be explained on the ground that the most stable 
arrangement of the carboxyl groups is that in which they are 
oppositely situated. * 

Similar changes to the above have been observed in the case of 
tiglic and angelic acids, which are converted into the dibromides, 
and finally into unsaturated bromo acids of opposite configuration ; 
in that of erucic and brassidic acid, which pass into chlorobrassidic 
and chloroerucic acid respectively. The process is not limited to 
acids. Stilbene {trans, fn.p, 124°) yields the meso dibromide (m. p. 
237°) and bromoisostilbene (cis, m. jp. 19°), which, on reduction, 
changes back to ^ran^-etilbene (m. p. 124°), whilst isostilbene {ds, 
liquid) yields the racemic dibromide {in.p, 110°) and bromostilbene 
(trans, m. p. 31°). 



H — C — C«£L 



«*^6 



H — C — GeHs 

cts-Stilbene (liquid). 



CgHg — C — H 

<ran<-Stilb6ne (m. p. 124^). 



Oi^-butylene is converted into butylene bromide {h.p. 93*5) and 
^tm^-bromobutylene {h. p, 93*5), whereas ^mtt^-butylene yields buty- 
lene bromide (&. p* 161°) and cis-bromobutylene (6. p. 85°). An 
interesting connection has been established between angelic and 
tiglic acid and the two bromobutylenes. 

Angelic acid gives a dibromide by trans addition. On boiling 
a solution of the sodium salt in water, carbon dioxide and sodium 
bromide are removed by irons elimination, and ^ans-bromobutylene, 
h. p. 93°, is formed. 



Br 



CHa-C—H 

II 
CHg— C— OOOH 



Angelio aoid. 



H-C— CH 



3 



H— C— CH 



8 



CH«— C— COOH 



'■8 



CHo— C— Br 



I 
i 

Br 



^8 



Axigelio aoid dibromide. 



<rans-Bromobutylene 
(6. p. 98-5; 



» P. F. Frankland, Trans, Chrnn, 8oc, 1912, 101, 679. 
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The isomeric ds-bromobutylene is obtained from tiglic acid in 
precisely the same manner. 

The formation of the two butylenes from tiglic and angelic acid 
has been effected and their relation determined on similar lines. 
Briefly stated, the process consists in forming the additive compound 
of the acid with hydrogen iodide and boiling the latter with caustic 
soda solution. 

CH3 . CH : CCCHa) . COOH + HI « CH3 . CHI . CHCCHg) . COOH 
CH3 . CHI . CHCCHg) . COONa = CH3 . CH : CH . CH3 + Nal + COj 

The two butylenes which boil at 1 — 1-5 and 2—2-7° respectively 
can be identified by means of their dlbromides. 



Wislioonns' Theory. The difficulties which Wislicenus' mechani- 
cal conception, so ingeniously applied to the action of bromine in 
causing geometrical inversion, has encountered, have already been 
referred to. Nor has it met with greater success in explaining other 
manifestations of the same phenomenon. The action of water in 
converting maleic into fumaric acid might be explained by the inter- 
mediate production of malic acid, followed by rotation into the 
favoured configuration and elimination of water. 



OH 



HOOC— C— H HOOC— C— H 

11 +H,0= f 
HOOC— C— H HOOC— C— H . 

Maleio aoid. Halie aoid (1). 



OH 

I 
HOOC— C— H HOOC— C— H 



-H„0 = 
H— C-COOH H— C-COOH 



H ' 



Malio acid (2). Fumaric acid* 
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This theory of the transformation cannot be sustained, for Skraup ' 
failed to convert malic acid by heating it with water into fumaric 
acid under conditions in which geometrical inversion readily 
succeeds. 

Traces of the halogen acids convert maleic acid into fumaric acid. 
Wislicenus explains the change in the usual way by the formation of 
an additive compound, followed by rotation into the stable configura- 
tion and the final separation of hydrogen halide. ' 

CI 



HOOC-C— H HOOC— C—H 

II +Ha« I 

HOOC-C— H HOOC— C— Hx 



J. ) 



H 

Maleio acid. Chlorosuooinio aoid (1). 

CI 

HOOC— C—H HOOC— C—H 

i -HCl- II 

H— C— COOH H— C— COOH 

I 
H 

Chlorosucoinio aoid (2). Faxnaric acid. 

The di£9culty encountered in this assumption arises from the fact 
that the intermediate monohalogen succinic acids are actually stable 
at the temperature at which the conversion takes place. Anschtltz 
has shown that whilst strong hydrochloric acid at 10°, and hydro- 
bromic acid at 0^, convert maleic into fumaric acid, monochloro- 
and monobromo-succinic acid are perfectly stable at these tempera- 
tures, and exhibit no tendency to lose hydrogen chloride or bromide. 
The action of iodine in converting maleic into fumaric acid is explained 
as follows. Iodine is supposed to yield a diiodo additive compomd 
of maleic acid, from which hydrogen iodide separates and reduces 
the iodofumaric acid to fumaric add. In the conversion of maleic 
into fumaric acid by heat, the double bond connecting the carbon 
atoms in the former is loosened so as to permit of free rotation of 
the carbon atoms into the more stable configuration. 

It follows that when the double linking occurs pn cooling, fumaric 
add is formed. 

> UtmaaOi,, 1891, 12, 108. 
FT. II S 
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HOOC— C— H HOOG-C— H 

II -» I 

HOOC— C— H HOOC— C— H 

I 

I 
HOOC— C— H HOOC-C— H 

I — II 

H— C— COOH H— C— COOH 

I 

The reader is reminded of the action of alkalis and of nitrous and 
nitric acid in effecting optical inversion, which, according to the 
theory of Wislicenus, would necessitate the formation of inter- 
mediate additive compounds with these substances. Still more 
striking are the fisicts discovered by Skraup of the partial inversion 
of metallic salts of maleic acid by precipitation of the metal by 
hydrogen sulphide. The same observer has also found that, although 
hydrogen sulphide and sulphur dioxide acting separately on a solu- 
tion of maleic acid produce no effect, their united action causes partial 
inversion. In conclusion it should be mentioned that exposure to 
light alone is sufficient to cause inversion. It is clear from the 
examples given that the mechanical theory of Wislicenus cannot be 
indiscriminately applied and that in many cases it is either contrary 
to &ct or manifestly improbable. A variety of attempts have been 
made to throw light on this complex change. Skraup suggests that 
an exothermic reaction, such as the combined action of hydrogen 
sulphide and sulphur dioxide in a solution of the isomer, or the 
incipient formation of an additive compound which may occur in 
certain cases, acts catalytically by setting up vibrations which he 
compares to the physical phenomenon of resonance or the chemical 
effect of an explosion wave. The theory possesses one convenient 
attribute. Like the old vibration theory of fermentation it stands 
beyond the reach of direct experimental disproof. 

The same may be said of Werner's theory, which postulates the 
even distribution of affinity or valency over the surface of the carbon 
atom, which may take the form of a sphere. The four radicals of 
a saturated carbon atom occupy positions corresponding to the sum- 
mits of a tetrahedron as the result of a tendency to neutralize most 
effectively their mutual attractions. In doubly linked carbon atoms 
the affinity which binds the pair of radicals to each of the two 
carbon atoms may be represented by two segments of a carbon 
sphere (unshaded in Fig. 42), the remainder, which is shaded in the 
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Fio. 42. 



figure, being used for binding the two carbon atoms together. Of 
the latter, the segments corresponding to the more deeply shaded 

portions a do not prevent free rotation, which is 
entirely controlled by the mutual attractions of the 
smaller surfaces b. The latter act like elastic 
bands attached one on each side of the sphere, 
thereby keeping the atoms in position. 

This small fraction of affinity is easily neutra- 
lized by rise of temperature or chemical action, 
and the spheres will then be free to revolve 
through 180^, that is, into the opposite configura- 
tion. 

Geometrical inversion is clearly the result of a 
variety of different conditions at present imper- 
fectly understood. The conditions which deter- 
mine the formation of additive compounds — the basis of Wisli- 
cenus' hypothesis — fiimish a problem which still awaits exhaustive 
treatment ; so much at least may be said ; the additive process is 
greatly modified by the nature of the groups attached to the unsatu- 
rated carbon atoms. 

At present we must leave the subject of geometrical inversion 
without the embellishment of a theory which embraces all the 
phenomena. 

Qeometrieal Xsomem with more than one Ethylene Linkage. 

Few examples of isomers containing two ethylene linkages are known. 
Compounds of the formula aaC : Cc . Cc : Cab may exist in two 
stereoisomeric forms, whilst in the case of abC : Cc . Cc : Cab the 
number is increased to three. 

c— C C— c c— C C-c 



a— C— a a— C— b 
C— c c— C 



II 
a — C — a b — C — a 

C— c c— C 



c— C 

II II II II II 

a_C— b ar-C— b b— C-a a— C— b a— C— b b— C— a 



C— c 

II 



Stobbe ^ has obtained not only three isomeric dibenzalsuccinic acids of 
the formula CeHgCH : C(COOH) . C(COOH) : CHCeH^, but an addi- 
tional anhydride which is formed by the action of light on the anhy« 
dride of one of the other three acids. The configuration of none of 
these compounds has been ascertained, and the existence of the fourth 
isomer remains unexplained. 

> QesM. Natur/orscher and AenU, Manchen, 1899, 88. 

s2 
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Stereoisomerism of Cyolic Compounds. A short account has 
already been given (p. 210) of the optical isomerism of cyclic com- 
pounds containing asymmetric carbon in the nucleus. The stereo- 
chemistry of this class of compounds must now be developed a little 
more fully. 

In his original pamphlet van 't Hoff discussed the subject of the 
stereoisomerism of cyclic compounds, although the only example 
known at the time which fulfilled the necessary conditions was 
Baeyer's hydro- and isohydro-mellitic acids, CeHg(C00H)5. Van't 
Hoff 's conclusions have since been amply verified by the researches 
of Baeyer, Baumann and Fromm, Buchner, W. H. Perkin, jun., 
and others. 

If the carbon atom is represented in the usual way with four 
bonds directed to the four corners of a tetrahedron, and then three 
or more carbon atoms be joined by single bonds in the form of 
a ring or closed chain, the arrangement drawn diagrammatically 
may be represented as follows ; the pairs of available bonds, for the 
sake of simplicity, are rendered by vertical lines at right angles 
to the contour orbit of the ring, and the ring itself lies in a plane 
vertical to that of the paper and must be viewed as if in perspective, 
as previously explained (p. 212). 







I I 



/ 



Each carbon atom, therefore, possesses two residual linkages, which 
may be joined to different pairs of atoms or groups. As the 
power of free rotation of the carbon atoms is suspended by the 
fact of their being linked in a ring, the space arrangement should 
bear some analogy to that of the doubly linked carbon atom and 
should manifest characteristics of cis-trans isomerism ; in other words, 
the isomers should exhibit the differences in properties which dis- 
tinguish compounds of the fumaric and maleic acid type. 

Thus, a derivative of trimethylene with two pairs of groups a, b^ 
should possess the following configurations : 

b 



a 



^ 



\ 



/ 
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Examples of this kind of isomerism are now very numerous and 
embrace a variety of different groups of compounds. They include 
the dicarboxylic acids of cyclo-propane, -butane, -pentane, and -hexane. 
The isomers are distinguished as cis and trans for reasons to be 
presently discussed. 



Name. 


Melting-point. 


ds. 


Trans. 


1.2 Cyclopropane dicarboxylic acid 
1*8 Cyolobutane ,, ,, 

1*2 It )f fi 
1.2 Cyclopentane „ ,, 

Hoxahydropbthalic acid 
A* Tetrahydrophtbalio acid^ 
A'*^ Dibydropbthalic acid 
Hezabydroisopbtbalio acid 
A* Tetrahydroiitopbthalic acid 
Uexahydrotorepbtbalio acid 
A* Tetrabydroterephthalic acid 
A'-* Dihydroterephthalic acid 
Camphoric acid 
Caronic acid 
Tnixillio acid 


185-186 
187-188 

140 
120-121.6 

192 

174 
178-175 
161-168 

165 
161-162 
160-155 

188 
17i-175 
a» 274 


175° 
170-171 

181 
159-160 
87-88.5 

215 

218 

210 
118-120 

227 

800 
about 200 

170 (iso) 

212 
7i»228 



Taking one example from the above list, the two cyclopropane 
dicarboxylic acids will appear as follows : 

COOH COOH COOH H 





COOH 



H H 

da. Trans, 

A series of dialkyl succino-succinic esters are known in isomeric 
forms ', which probably have the following structure : 

ROOC CO CH«COOR ROOC CO CHgAlk 

\ 



\ 
/ 




Alk CH^ CO Alk 



'2 

Cis. 



Alk CH 



2 
Trans. 



IK)C00R 



Dialkyl succino-saccinio esters. 



> The use of the symbol A is explained on p. 897. 
< Baeyer, Ber., 1898, 26, 282. 
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Also a number of substances belonging to the terpene group : 



Terpin (anhydrous) 
Dipentene dihydrochloride 
Limonene nitroBOohloride 
Menthyl amine 



CHg CH3 

\/H H 



(HO)C 




Cis. 



102- 105" 

25 
108-104 
207-208 



Trans, 



150-158* 

50 
105-106 
209-210 



CH3 CH3 

\/H H 



H H 

Oil. Terpin. 

and a yariety of cyclohezane derivatives. 



H 



H H 
H H 



(HO)C / 



\ CH, 



OH 



H H 

Trans, Terpin. 





m, p. 


m,p. 


Quinitol 

Dimethyldiketo cyclohezane 
1*4 Dihromo cyclohexane 
Benzene hexachloride 
Benzene hezahromide 


189* 
98 
113 
810 
258 


100-102* 

115-117 

liquid 

157 

212 



Several of the alkaloids exist as cis and trans isomers. 





Cis, 


Trans. 


Tropine 

Ecgonlne 

Cocaine 


612* 
198 
98 


108' 
257 
46-47 



The heterocyclic compounds are represented by diketopiperazines 
of Bischoff ^ and Fischer ' of the general formulae: 




a 



CO 



<l"> 



a 



1 Ber., 1892, 25, 296a 



> Ber. 1906, 39, 8981. 
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whilst a series of isomerio triihiomethylene deriyatiyes haye been 
obtained by Baumann and Fromm' by the polymerisation of thio- 
aldehydes and thiaoetones. They are substances which may be 
represented by the general formulae : 



a 



a 



J 



^. 




» s 



/ 



c 



& 



s *> s^ 
c 



c 



It is significant that when the groups ah are identical, as in trithi- 
acetone derived from thiacetone, and when, according to the theory, 
isomerism is impossible, only one form is known. 

CH, CH, 



S 



^CHjs/ 







CH 



a 



CH, 



CH, 



It is probable that paraldehyde and metaldehyde belong to the 
same type of da-trana isomerism. 

CH, CH, CH, CH, 



o 



\o CH3 0/ 



H 




H 







"^O H q/ 



H 



H 



H 



CH 



8 



SotenBliuitioii of ConfigiiratioB. The isomeric dibasic acids may 
generally be diyided into a 09 or malenoid and a irtms or fumaroid 
type, exhibiting the distinctiye characteristics of maleic and fumaric 
acid. The cis or malenoid form is distinguished by its greater 
solubility in water, its lower melting-point, its affinity constant 
(which is usually, though not inyariably, higher), also by its anhydride 
formation (which is more readily effected than that of its isomer) and 
its conyersion into the trans isomer by the aid of hydrochloric acid. 
The trans or fumaroid form is much less soluble in water ; it has 

' Btr., 1891, 84, 1419. 
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a higher melting-point, and occasionally yields an anhydride on heat- 
ing with acetyl chloride, which, on more prolonged heating, passes into 
the anhydride of the cis form. 

The following comparison hetween cis and trans hezahydrotere- 
phthalic acid and f umaric and maleic acid will illustrate the parallelism 
existing between the two pairs of compoimda 



HOOC 




V 



COOH 



H 



Cis Hexahydroterephthalio 
acid. 
Crystallizes in large plates (m. p. 
161-162^). Much more soluble in water 
than the trans form. Transformed 
into the trans form when heated with 
hydrochloric acid. 



HOOC COOH 



H 



Maleic acid. 

Crystallizes in lai^ plates (m. p. 
180°). Much more soluble in water 
than fdmario acid. Transformed into 
f umaric acid when heated with hydro- 
chloric acid. 



HOOC 



H 



/I 

V 






H 



COOH 



Trans Hexahydroterephthalio 
acid. 
Crystallizes in short prisms, sublimes 
when heated, and melts at 800^ Forms 
no anhydride. 



HOOC H 



COOH 



Fumaric acid. 

Crystallizes in small prisms, sab- 
limes at 200**. Forms the anhydride 
of maleic acid on heating. 



The partly saturated di- and tetra-hydrohenzene dicarbozylic acids 
also furnish examples of geometrical isomers and show similar 
differences in properties (see p. 261). 



HOOC 



/ 



A 



COOH 



HOOC 









da ^' Tetrahydroterephthalic 
acid. 



COOH 

Trans A' Tetrahydroterephthalio 
acid. 



HOOC 



/ 



/ 



COOH 



HOOC 



H 



H 







H 



COOH 



Cis A<*» Dihydroterephthalio 
acid. 



Trans A**^ Dihydroterepthalio 
acid. 



DETERMINATION OP CONFIGUKATION 



265 



Thus in the case of the dibasic acids there is little difficulty in 
ascertaining the configuration of the isomers. In other cases the 
criteria are less satisfactory. It is generally assumed that the com- 
pound of higher melting-point corresponds to the trans form, but 
this distinction cannot be implicitly accepted. Occasionally the 
experience derived from steric hindrance (Part I, p. 380) will give 
some information. 

Absolnte and BelatlTe Asymmetry. From the list of dibasic 
acids on p. 261 it will be seen that the three hexahydrophthalic acids 
are represented by cis and trans isomers, but there is an important 
distinction between the para compound and the other two, for the 
latter contain asymmetric carbon atoms whilst the former does not. 
This is seen by reference to the space formulae 



HOOC 



CMq CIX2 




/COOH 
Hazahydroterephthalic acid. 



CH 



cr 



2 



^ik-^COOH 
^COOH 

Hexahydroisophthalic acid. 
CHa 

c 



H COOH H COOH 

Hexahydrophthalic acid. 



But there is a distinction between hexahydroterephthalic acid and 
an ordinary symmetrical open-chain compound, to which Baeyer has 
drawn attention. For if a person is represented as floating on his 
side in the orbit of the ring, with his face to the centre and his 
hands outstretched at right angles to the plane of the rihg ; further, 
supposing his feet to be at 1, and his head at 2, he will on reaching 4 
in formula I {cis form) see carbozyl on his right and hydrogen on 
his left, whereas if he starts with head at 6 and feet at 1, he will see 
on arriving at 4 carboxyl on his left and hydrogen on his right The 
same is true of formula II (trans foi-m). The structure as a whole is 
therefore unsymmetrical, and to this Baeyer has given the name 
relative asymmetry. 
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HOOC 2 
1 
H 




W 



8 H 
5 COOH 



II 



Hezahydro-phthalic and -isophthalic acids should therefore be 
separable into optical enantiomorphs, but not the hezahydrotere- 
phthalic acid. The resolution of hexahydrophthalic acid has in fact 
been accomplished by Werner and Conrad ^ (p. 210). The same 
principle is applicable to the other cyclic isomers. Thus 1 . 2 
cyclopropane dicarboxylic acid contains two asymmetric carbon 
atoms and the two trans forms are non-superposabloy and the nanw 
is true of 1 . 2 cydobutane dicarboxylic acid, whereas cu and trans 



HOOC 




COOH 



HOOC 




COOH 



H H 

Trans 1 • 2 Cyolopropane dicarboxylic acid. 

1 . 8 cydobutane dicarboxylic acids are examples of relative asymmetry, 
and each form is identical with its mirror-image. The conditions 

H H 



HOOC 




COOH 



HOOC 




COOH 



H H 

Trans 1 • 8 Cydobutane dicarboxylic acid. 

of asymmetry may be conveniently studied by means of the card- 
board models described on p. 212. 

Comlnned 0]^tioal and Oeometrioal Zsomerism. The question 
now arises: which of the two geometrical isomers containing 



1 Ber, 1899, 32, 8046. 
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asymmetric carbon is inactive by internal, which by external com- 
pensation? A little reflection will furnish the answer, for the 
cydio orthodibasic acids stand midway in configuration between 
the dialkyl succinic acids and the unsaturated acids of the inaleic- 
fumaric type. The relationship will be evident from the following 
formulae : 

H H H COOH 



CH, 



CH, 



CH. 



HOOC COOH 

i-Dimethyl succinic acid. 



-CH, 



HOOC H 

r-Dimethyl succinic Mid. 



< 



H H/ 




H HOOC 



HOOC COOH 

Cis Hezahydrophthalic acid. 

H H 



\ 



HOOC H 

TVvms Hezahydn>phtluJic aoid. 
H COOH 



HOOC COOH 

Maleic acid. 



HOOC H 

Fumaric add. 



The cis configuration represents the meso compound, the trans, the 
racemic form. This has been proved, as already stated, by Werner 
and Conrad, who succeeded in resolving the trans compound into its 
optical enantiomorphs. 

The correspondence between each pair of the three types of dibasic 
acids described above is not one of configuration only, for it is exhibited 
in a very striking fashion by a close resemblance in physical and 
chemical properties. The following scheme will make this clear. 



i-IHinethyl tuecinie acid, 
m, p. 120^ Readily forms an anhy- 
dride (m. p. 87^) ; more soluble in water 
than its isomer, into which it is con* 
verted by strong hydrochloric acid. 

Cia HexahydropJiOuUie aeid. 
nup, 192^. Passes readily into the 
anhydride (m. p. 82^ ; is more soluble 
in water than its isomer, into which it 
is transformed by heating with strong 
hydrochloric aoid. 



r-Dimeihyl succinic acid, 
m. p. 192®. Forms an anhydride with 
acetyl chloride (m. p. 88^, which when 
heated forms the anhydride of the 
meso compound. 

Tran» HexahydrophfhaUc acid, 
m,p. 215°. Treated with acetyl 
chloride it forms an anhydride (m. p. 
HO**) ; when heated it is transformed 
into the cis anhydride. 
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Makic acid. Fumaric acid, 

m. p, 180°. Readily forms an anhy- m. p. 286-287^ Sublimes at 200**; 

dride on heating; more soluble in water forms the anhydride of the cis form 

than its. isomer, and is converted by on continued heating or with acetyl 

hydrochloric acid into fumaric acid. chloride. 

It will be seen that in all three cases the malenoid form has 
the lower melting-point, and is the more soluble and the less stable 
isomer. 

X^edConflgnrationofOpen-oliainCoBipoimcUi. Several interest- 
ing questions arise out of the stereochemical relations subsisting 
between saturated and unsaturated open-chain compounds and the 
saturated or partly-saturated cyclic compounds, which, as we have 
seen, stand midway between them. For the latter exhibit many of 
the characteristic properties of geometrical isomera of the ethylene 
series, whilst they frequently resemble the open-chain compounds in 
their manifestation of optical activity. This dual character is seen 
concurrently where two similar asymmetric and nuclear carbon 
atoms adjoin one another as in the orthodibasic acids. The resem- 
blance in certain physical and chemical properties between the ds 
and trans hezahydrophthalic acids and the two dimethyl succinic 
acids, on the one hand, and of fumaric and maleic acid, on the other, 
has been described, and its significance is unmistakable. It clearly 
indicates the fixed configuration of the groups in the dimethyl succinic 
acids, since they possess the distinguishing characteristics of geome- 
trical isomers. This question has already been referred to on p. 250. 
According to Aberson ^ the third active malic acid found by Schmidt 
and Meyer in certain species of Echeveria can only be explained on the 
assumption of a fixed configuration of the radicals in these acids, to 
which Aberson attaches the following formulae : 

OH OH 

I I 

H— C— COOH H— C-COOH 

HOOC— C— H H— C— H 

I I 

H COOH 

Ordinary malic acid. Aberson's acid. 

Hantzsch' suggests that the two a)3-dibromopropionic acids, 
GHjBr. CHBr. COOH, of Linnemann, which are readily interconvert- 
ible, and the three a-phenyl hydrocinnamic acids, 

C0H5CH2 . CH(CeH5) . COOH 

> Ber,f 1898, 31, 1482. ' Qrundriss der Stertochemiej p. 99. 
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of von Miller are to be accounted for in the same manner. The 
conversion of geometrical isomers of the ds-irans type, like fumaric 
and maleic acid, into the same product on reduction (succinic acid) 
appears at first sight to contradict this view, but it is readily 
explained by supposing that singly linked carbon atoms will in the 
majority of cases assume, by free rotation, the most stable configura- 
tion, and consequently no second compound is formed. There appears 
to be no direct means of ascertaining this favoured configuration, and 
the various proposals which have been suggested partake more or 
less of a speculative character. A certain amount of infotmation has 
been derived from the behaviour of the alkyl succinic acids. It is 
well known that the facility with which they pass into anhydrides 
increases with the number of alkyl groups present. Succinic acid 
itself demands a higher temperature for conversion into the anhydride 
than mono- and di-methyl succinic acid, whilst tetramethyl succinic 
acid, even in aqueous solution, passes spontaneously into the anhydride. 
This property of anhydrlsation seems to change concurrently with 
conductivity. Whereas succinic acid has a dissociation constant, 
K ■- 0*0068, which is nearer to fumaric acid, K « 0'09, than to 
maleic, K » 1*2, the methyl succinic acids have the following 
constants ^ : 

K 
Monomethyl snocinio acid 00085 
5-Dimethyl succinic acid 00128 (ois), 0.0196 (trans) 
Trimethyl succinic acid 0*0194 
Tetramethyl succinic acid 0*0814 

As it is usually found that the proximity of acid groups, such as 
the ortho-nitro substituted acids of the benzene series, increases the 
conductivity, it is fair to presume that the tendency in the methyl 
succinic acids is for the carboxyl groups to be driven into juxta- 
position by increasing the number of methyl groups. The tendency 
of succinic acid will consequently be towards the trans configuration, 
that of tetramethyl succinic acid towards the cis configuration. It 
must be confessed that such a line of reasoning leads to no very 
satisfactory conclusion, but the subject is one of great interest and 
would repay further study. 

^ Walden, Zeit phys. Chem., 1891, 8, 438 ; Bone and Sprankling, Trans. Chem 
8oc, 1899, 75, 864 ; Betlimann, Zeit phys, Chtm., 1890, 6, 404. 
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CHAPTER V 

STEREOCHEMISTRY OP NITROGEN 

EistoxioaL In 1883 Goldschmidt,^ working under the direction 
of y. Meyer, discovered an isomer of benzildioxime. It was found 
on investigation that the two were structurally identical, and con- 
sequently stereoisomeric. This unexpected result opened out a new 
and, as it has since proved, remarkably fertile field of research in 
stereochemistry. The first, or a-benzildiozime, is obtained by 
digesting equivalent weights of benzil dissolved in alcohol and 
hydroxylamine hydrochloride on the water-bath. It melts at 

237°. 

CeHj . C( : NOH)C( : NOH) . CeHg 

Benzildioxime. 

The second, or j3-compound, is prepared by heating an alcoholic 
solution of benzil with an excess of hydroxylamine hydrochloride in 
a sealed tube at 170^ It ia colourless, like the first, but melts at 
206-207°, and is more soluble in the ordinary solvents. In 1889 
V. Meyer and Auwers^ discovered a third, or y-dioxime, which is 
obtained from the dioxide (see below) by reduction, and melts at 
164-166°. Each substance has the normal molecular weight, and 
gives a parallel series of ethers and esters of the general formula : 

CfiHg . C( : NOR)C( : NOR) . CgHs 

Each is decomposed with hydrochloric acid into the original benzil 

and hydroxylamine, yields dibenzyl on reduction, and a dioxide on 

oxidation \ 

CgHfi.CiN.O 

I I 

C«H5.C:N.O 

Ben zildioxime-dioxide. 

The a-compound is the least stable ; for, when heated with alcohol 
to 170°, or with water to 200° it passes into the )3-modification, and 
there are other ways of effecting the same result.* 

> Ber., 1888, 16, 1616, 2176. • Bar., 1889, 22, 70R. 

* KorefE; Ber,, 1886, 10, 188. 

* Auwen, Die ErUwicklung der SttreochemiCf p. 88. 
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In 1888 V. Meyer and Auwers^ obtained two isomeric benzil- 
monozimes ; one (a) of melting-point 137-188°, was obtained by the 
action of free hydroxylamine on benzil in the cold alcoholic solution, 
and the other (y) of melting-point 118-114°, by digesting an aqueous 
alcoholic solution of benzil with hydroxylamine hydrochloride on 
the water-bath. They are also structurally identical, and, like the 
dioximes, form a parallel series of alkyl and acyl derivatives. The 
first may be readily converted into the second by heating with alcohol 
to 100° or 'by passing hydrochloric acid gas into the a-compound 
dissolved in a mixture of acetic acid and anhydride (Beckmann's 
method). 

By the action of free hydroxylamine on the second or y-monoxime, 
the y^dioxime, referred to above, is obtained. 

Theory of K«yer and Anwers. The theory proposed by 
y. Meyer and Auwers ' to account for these cases of isomerism had 
reference to the linking of the carbon atoms. Different space 
arrangements of the molecule were produced by the carbon atoms 
becoming fixed, that is, losing their power of rotation, and so 
occupying a different relative position. The two monoximes were 
represented thus : 

CeHa . C : NOH CeH^ . C : NOH 

I I 

CflHg.O:© OrC.CeHg 

The three dioximes appeared as follows : 

CeHfi— C = NOH 



HON - C— CeHg CeH^— C = NOH 

HON = C— C«H^ HON « C— aH^ ^C 

HON^ 



/CftHg 



6"5 j-Lvrxi — \j "^e^s 

2 8 



In formula 8 the two pair of groups are situated in two planes, at 
right angles. 

Such a theory was contrary to van 't Hoff's conception of stereo- 
isomerism, which postulates no second form in singly linked carbon 
compounds unless the carbon group is asymmetrical ; it was opposed 
to previous experience, and, in addition, there seemed no reason why 
the number of either monoximes or dioximes should be restricted to 
two in one case and three in the other. On the same principle 
it would be possible to construct two additional monoximes and 
a fourth dioxime. 

' Ber,, 1888, 21, 784, 8610. * Ber,, 1890, 38, 694. 
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When, therefore, isomeric jp-chlorobenzophenoneozimes, 

ClCeH4.C(:NOH).CeH5 

and other unsymmetrical ketozimes appeared without the requisite 
pair of singly linked carbon atoms, the theory could no longer be 
upheld, and it was forthwith abandoned. 

About this time Beckmann * announced the discovery of a second 
ozime of benzaldehyde. 

The ordinary or a-compound (nu p. 85^) is obtained by adding 
hydroxylamine hydrochloride gradually to a mixture of benzaldehyde 
and strong caustic soda solution, from which, after passing in carbon 
dioxide, the oxime is extracted with ether'; the )S-compound is 
obtained in the form of the hydrochloride by passing hydrogen 
chloride into an ethereal solution of the a-compound. The addition 
of soda liberates the )8-compound, which melts at 180°, and readily 
reverts to the a-form on standing. Beckmann ' represented the two 
forms by different structural formulae on the following grounds : 

CeHjCH.NH 
CeHjCH : NOH \ / 

O 

a-Benzaldoxime. /S-Benzaldoxime. 

Both compounds form benzyl ethers, which decompose with hydro- 
chloric acid into benzaldehyde and benzylhydroxylamine ; but, 
whereas the benzylhydroxylamine from the a-aldoxime yields, with 
hydriodic acid, benzyl iodide, the )S*benzylhydroxylamine forms 
benzylamine. Consequently the benzyl group in the ether of the 
)S-oxime, and therefore the hydrogen atom in the ^-oxime itself, is 
linked to nitrogen thus : 

HCl HI 

CeHftCH : NOC^H^ -> CeHsCHO + NH2OC7H7 -*► NH3 + C^H,! 
a-Benzaldoxime benzyl ether. Benzyl iodide. 

HCl HI 

CeHjCH.NC^H^ -♦ CeHgCHO + ORNHC^H^ -> NH^.C^H^ 

\/ 
O 

/9-Benzaldoxiine benzyl ether* Benzylamioe. 

The same explanation served for the isomeric ketoximes. But the 
argument could not be sustained. In the first place, Auwers and 
others found that benzaldoxime exhibits tautomerism (p. 814), and 



' Ber.y 1889, 22, 429, 1681. * Ber.^ 1890, 23, 1684. 

> Ber., 1889, 23, 158L 
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the constitution of the aldoxime could not be inferred from that of 
its benzyl ethers. 

In the second place, Goldschmidt^ obtained from both benz- 
aldoximes by the action of phenyl carbimide, C^H^'SiCO, under 
precisely similar conditions, carbanilide compounds, one of which, 
the jS-deriyative, is converted into the a-compound by a trace of 
hydrogen chloride, and both are decomposed by dilute alkalis with 
equal ease. A compound having the formula of the a-aldo3ume 
would give a carbanilide of the following structure : 

CeH^CH : N.O.CO.NHCeHg 

whilst, according to Beckmann, the /3-ozime would yield a stable 
urea derivative of the formula : 

CeHfiCH . N.CO.NHCeHj 

O 

It is improbable that compounds with such marked structural 
differences would respond in the same way to the chemical reagents 
described above. 

Finally, it should be mentioned that Hartley and Dohbie' have 
satisfied themselves of the structural identity of the two compounds 
from an examination of the absorption spectra. 

STEREOCHEMISTRY OF TERVALENT NITROGEN 

Gaometrical Isomerism of tlie Ozimas. Yan't HofiP in his 
Ansicht^n Uher die organische Chemie (1878) was the first to speculate 
upon the stereochemical possibilities of nitrogen compounds. 

If tervalent nitrogen, to take the simplest case, has linked to it 
three different groups, a, 5, c, they may either lie in one plane with 
the nitrogen atom, when isomerism would be precluded (Fig. 43), 




» JBct., 1889, 22, 8113. • Tratw. Chem. Soc., 1900, 77, 609. 
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or they may he drawn together by mutual attraction, causing the 

bonds to be bent along the edges of a tetrahedron. In this ease they 

will no longer lie in the same plane with the 

nitrogen atom but form an unsymmetrical -^ 

space arrangement, and stereoisomerism X \\^ 

becomes possible (Fig. 44). / V\ 

Attempts to resolve substituted ammontas^ /^ \"\ 

o *^' — \ 

like benzylethylamine^ p-tolylhydrazine, " \i 

methylaniline, tetrahydroquinoline, &c., by 

crystallization of their salts with active 

acids, have invariably failed, and the conclusion seems inevitable 

that the nitrogen bonds in those compounds lie in one plane with 

the nitrogen atom. 

The experiments are, however, so far inconclusive that partially 
racemic compounds might be formed, or hydrolytic dissociation of 
the salts might occur in process of crystallization. In the former 
case the two enantiomorphous bases would crystallize with the same 
active acid in equivalent amounts, and, in the second, optical 
inversion of the nitrogen groups might occur, producing racemisation. 

Another suggested cause of &ilure of the above method is the 
change of valency of the nitrogen atom in the union of the tervalent 
bases with acids which might displace the original directions of the 
bonds. These possible causes of failure have to some extent been 
avoided by crystallizing the salts from non-hydroxylic solvents, and 

by using substituted hydrazines of the general formula i NN.NH^, in 

which the valency of the asymmetrical tervalent group is un- 
disturbed ; ' but in neither cose has any resolution of the bases been 
effected. 

Evidence, but of another kind, of the plane arrangement of the 
nitrogen bonds has been furnished by Kipping and Salway.' They 
have fractionally crystallized the amide resulting from the union of 
an externally compensated acid chloride, for example, cil-benzyl- 
methyl-acetyl chloride with an unsynimetrical secondary amine (e. g. 
methylaniline). If the amine is externally compensated, two enan- 
tiomorphous pairs of compounds should result, namely, dAdB and 
2AiB ; dAlB and lAdB, which would form two inactive salts separ- 
able by crystallization. As the product was homogeneous, the 

^ KraO, Ber., 1890, 28, 2780; Behrend and KOnig, Atmalent 1891, 268, 184; 
Ladenbarg, Ser.j 1898, 20, 804. 

* Reyohler, BuO. Soc. Chim,, 1902 (8), 27, 979; Jones and Millington, JVoc. 
Camb PhU. 8oe., 1904, 2, 489. 

' Trans. Chem, Soc, 1904, 86, 488. 

t 2 



276 STEREOCHEMISTRY OP TERVALENT NITROGEN 

evidence is in favour of a plane configuration of the tervalent nitrogen 
compounds. 

Attempts to resolve such compounds have been more successful 
where the nitrogen forms part of a ring. Ladenburg * found that on 
distilling conine hydrochloride with zinc dust and a little water, a 
new substance, isoconiney was produced, which differs from conine in 
its rotatory power and in certain other properties. The difference 
of the two compounds was ascribed to the hydrogen atom attached to 
nitrogen, which occupies two positions in relation to the propyl group. 




H H 



CjIIj 




H H 



A result which affords a similar explanation has been obtained with 
artificial I-stilbazoline,* 

CHa 

H,C/\CH, 

Hj^^ JClx . CH2 * CH2 • OitM| 
NH 



'•"5 



which on heating yields the isomeric ^isoatiIbazoline. The existence 
of the two tropines and tropyLunines of Willstttter and Mailer* 
can only be explained by a change in the configuration of the NCH, 
group relatively to the substituted methylene group (Part III, p. 311). 



CH, 



-CH- 

I 
NCHj 

I 



-CH, 

I 
CH(OH) 

I 



CH, CH- 



CH^ CH OS} 

Tropine. 



CH 



2" 



-CHa 

I 
NCHj CH.NHo 

I I 

CH — CHj 



TropyUmine. 



Thooxy of Kaatncli and Wemar. The theory of Hantzsch and 
Werner,^ which was put forward to explain the existence of the 
isomeric oximes, appeared in 1890, and, in spite of some adverse 
criticism, has successfully held its ground. 



., 1898, 26, 854. < Ber., 1904, 37, 868a 

., 1896, 29, 986, 1636, 2228 ; 1898, 81, 1212, 2666. 
-., 1890, 23, 11. 
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Based on recognized stereochemical principles, it afforded at the 
time of its publication a simple explanation of existing facts, and has 
since become a fruitful source of new discoveriea 

Hantzsch and Werner point out that in compounds like hydro- 
cyanic acid, cyanogen, pyridine, thiazole and other cyclic nitrogen 
compounds in which nitrogen is linked to carbon, if the carbon 
bonds are directed towards the summits of a tetrahedron, a corre- 
sponding bending of the nitrogen linkages is probable (Fig. 45). 





H 
Hydrooyanie acid. Acetylene. 

Fie. 45. 

A configm'ation of this character will correspond to acetylene and 
cannot furnish isomeric derivatives (p. 241) ; but supposing that 
whilst the direction of the carbon and nitrogen bonds in hydrogen 
cyanide is preserved one pair is severed, the nitrogen and carbon 
become doubly linked as in ethylene and its derivatives. Represented 
by tetrahednd models (nitrogen occupies the summit of one tetra- 
hedron), the two space arrangements will be represented thus : 
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If the Kekul^ models are substituted, the formulae will appear as 
follows : 




Just as geometrical isomerism may occur in ethylene derivatives 
when the doubly linked carbon atoms are united to a different pair of 
groups, so in the present case two substances are conceivable, in 
which doubly linked nitrogen and carbon are present The configura- 
tions may be conveniently represented in the following way : 



a-C-b 

II 
N— c 



a— 



c — 



C-b 

I 

N 



Precisely these conditions obtain in the unsymmetrical oximes. 

The two benzaldoximes may be represented by the following con* 
figurations, which are distinguished by the prefix syn and on^, 
which correspond to ds and trans respectively in the ethylene 
series. 



C0H5 • G . H 
N.OH 

Benzsynaldoxiine. 



CaMa • g « s 



'0"6 



II 



HO.N 

Benzati^ialdoxime. 



In the case of the aldoximes and monoketoximes the term syn 
precedes the name of the group occupying the cis position to the 
hydroxyl of the oximino group, whilst anti indicates the reverse 
arrangement The two j^chlorobenzophenoneoximes will appear 
thus: 



GlGgH^ . G . GqH^ 
HO.K 



GIGaH^ • G • GqHk 

K 

IT; OH 

£yn- Chlorobenzophcaoneoxime. ^n^t-Chlorobeiizophenoneoxime. 
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The three benzildiozimea are distinguished by the terms syn, anti, 
and cnnphi. 

II II II II 

N.OH HO.N HO.N N.OH 

Sy7i-B«nzildioxime. ^nft'-Benzildioxime. 

OqHk . C C . G«H5 

II II 

HO.N HO.N 

jtmjjAi-Benzildioxime, 

The number of actual isomers in each of the above examples corre- 
sponds exactly to that required by the theory. 

Camphor dioxime should exist in four different configurations : 

CH, CH C = N . OH 

I 
qCHs), 



CH, C C - N . OH 

I 
CH, 

All four are known. ' 

The theory of Hantzsch and Werner receives strong support from 
the observation of Mills and Bain,* who succeeded in resolving the 
oxime of cyclohexanone carbocylic acid into two optically active 
forms. 

■a H^C CHj 

No/ No^N.OH 

This could only occur if the molecule were rendered asymmetric by 
the ozime-hydroxyl occupying a different plane from that of H and 
CO2H as explained on p. 240. 

» Tran8.y 1910, 97, 1866. 

' By the action of di&zomethane on the two isomeric benzaldoximes, nitrohen- 
zaldozimes and p-triazohenzaldoximefl, Forster and Dunn (Traits. Chem. 8oe., 1909, 
06, 425) found that methyl ethers of the formula G«HsCH : NOGH,, &c., are formed 
only in the case of the anti-compounds, whereas the syn compounds with one 
exception are unchanged. As the Hantz.sch-Werner theory does not account for 
this difference in the reactivity of the two isomers, the authors suggest that the 
oxygen of the oxime-hydroxyl group is attached by residual affinity to the carbon 
atom thus: 

Cells . CHj 

N— OH 
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PropertiM of the Isomers. The isomers are not characterized 
by optical differences, but by those physical and chemical properties 
which distinguish the geometrical isomers of the ethylene series 
(p. 241). In addition they are readily convertible into one another, 
and. most significant of aU, isomerism disappears where theory 
demands it. Thus, the benzaldoximes give the same benzyl 
hydroxylamine on reduction, 

CeHjCHa.NHOH 

and isomeric ketoximes of the formula, 



No: 



a 



/ 



NOH 



like formaldoxime and dipbenylketoxime, have never been prepared, 



>0:NOH 



C.H 






NOH 



CcHj 



whi*3t acetaldoximes and propionaldoximes as well as a variety of 
aldoximes and unsymmetrical ketoximes of the aromatic series are 
known. In short, the experimental facts satisfy all the essential 
conditions of geometrical isomerism. 

The impulse which the theory of Hantzsch and Werner has given 
to the search for new examples of stereoisomerism among this 
class of compounds has rapidly added to the number, and the list 
has grown to formidable proportions. The following are among the 
better known examples : ^ 

Aldoximes. 



0- m- andj^-Nitrobenzaldoxime 
0- m- and i>-0hlorobenzaldoxim6 

m- and |>-Bromobenzaldoxime 
jp-Iodobenzaldoxime 

m- and |>-Tolylaldoxime 



Anisaldoxime 

Cuminaldoxime 

Piperonaldoxime 

Furfuraldoxime 

Thiophenaldoxime 



Ketoximes. 



p-Methoxybenzophenoneoxime 
m- jp-Chlorobenzophenoneoxime 
m- |)-Bromobenzophenoneoxime 
0- |>-Toly]phenylketoxime 

j>-Ethylbenzophenoneoxime 



p-Propylbenzophenoneoxime 

Xylylbenzophenoneoxime 

j9-Aminobenzophenoneoxime 

m-p-Hydroxybenzophenoneoxime 

Thienylphenylketoxime 



^ A more complete list will be found in Werner's Lehrbuch der Stereochemi^ 
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Dioxhnes. 




Benzildiozime 


Nitrobenzildioxime 


Anisildioxime 

Cuminildioxime 

Tolildlozime 


Phenylglyoxime 
Glyoximedicarboxylic acid 
Gamphordioxime 


Quinoneoximes. 






CI 




Methyl m-chloroquinoneozime 


0< 


"^-N.O.CHj 


Benzoyl m-chloroquinoneoxime 


CI 


~N=N.0.C0C,H8 


|)-Chloroioluquinoneozime 


CI 
0-< 


~\=NOH 




Br 




p-Bromotoluquinoneozime 


o.< 


N=NOH 



CH, 



In addition to the oximos of aldehydes, ketones, diketones, and 
quinonesy isomers belonging to the class of hydrazones, osazoncs, 
anil«compoundSy chlorimides, and diazo-compounds, all of which 
contain the requisite doubly linked carbon-nitrogen or nitrogen- 
nitrogen complex, are now known : 



\c = N.NRiBa 

b^ 

Hydrazones. 



a 



\n_ 



l/ 



C-N.NH.CO.NH, 



Semicarbazones. 



>- 



NCI 



Chlorimides. 



a--C = N . NRiRg 



a~C = N.NRiK2 

Oaazones. 

>C = NR 
b^ 

Anil compounds. 

a.N = N.b 

Diazo- compounds. 



Lomen's Benshydroximic Acid and its Derivatives. The 
theory has, moreover, accounted for some of the mysterious physical 
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isomers which Losson^ found among the derivatives of benz- 
hydroxamic acid. 

Benzhydroxamic acid, or benzhydroximic acid, as Werner' prefers 
to call it, is obtained by the action of benzoyl chloride or benzoic 
ester on hydroxylamine 

NOH l^HOH 

CJI,.C< or, CeH5.<\ 

^OH ^0 

Benzhydroximic acid. 

The ethyl ether, prepared by the action of ethyl iodide on the 
potassium salt, has the following formula, since it is decomposed by 
dilute acids into benzoic acid and ethoxylamine : 

NOC,H, 
CeHfi . Of + HjjO = C.Hs . COOH + H. NOG. H. 

^OH 

Benzhydroximic ether. Benzoic acid. Ethoxylamine. 

The hydrogen of the hydroxylamine-hydroxyl may also be replaced 
by acid radicals, such as benzoyl, as well as by alkyl groups. The 
compounds with acid radicals are acids and form salts. The formula 
of the benzoyl d€ rivative will be one of the following : 

^NO . COCfiHj .NH . O . COCfiHg 

CcH,.C<^ or, C,IL,.(\ 

^OH ^0 

If now the replaceable hydrogen is substituted by an alkyl group, 
by the action of alkyl iodide on the silver salt, the product (as well 
as that obtained by its hydrolysis, namely, ethyl benzhydroximic 
acid) is found to be a mixture of two isomers : 

NO . COCeHft JNOH 

CeH,.C< CeH5.0< 

^OC^Hfi ^OC^Hj 

Ethyl benzhydroximic benzoyl eater. Ethyl benzhydroximic acid. 

Both of the ethyl benzhydroximic acids decompose on hydrolysis 
into benzoic ester and hydroxylamine. 

Werner has pointed out that these compounds are strictly oximes, 
and offer a striking analogy in chemical behaviour to the isomeric 
ketoximes. The reason for this becomes apparent on making a slight 
alteration in the manner of writing the formula : 

1 Annaien, 1872, 161, 847 ; 1876, 176, 271 ; 1877, 186, 1 ; 1889, 262, 170; 1891, 
266, 176 ; 1894, 281, 169. 

« Ber., 1892, 26, 27 ; 1898, 26, 1561 ; 1896, 29, 1155. 



DETERMINATION OP CONFIGURATION 283 

GgHj . C . OC^Hj ^e^i • C . OC2H5 



CjHsCO.O.N N.O.COCeHg 

Ethyl syn-benzhydroximic Ethyl anti-benzhydroximio 

benzoyl ester. benzoyl ester. 

G^Hg . C . OO2H5 CfM& • C . OCj^Hs 

II II 

HO.N N.OH 

Ethyl syn-benzliydroximio acid. Ethyl anti-benzhydrozimlc acid. 

The following are the names of some of the hydrozimic acids which 
exist in isomeric forms : 

Hydroximic acids. 

Propylbenzhydroximio acid CfiHg . C{ : NOH)OC3H7 
Ethyl i}-tolylhydroximic acid CHAH^q : NOHpCaHg 
Ethylanishydioximic acid CHgOCeH^CC : N OHjOCaHg 

Hydtvximie esters* 

Propylbenzhydroximio ben- 
zoyl ester C^Rfi( : NOCOCoHfijOCaH^ 

Ethyl p-tolylhydroximic ben- 
zoyl ester CH8CeH4C( : NOCOC6H5)OC2H5 

Ethylanishydroximic benzoyl 

ester CHaOCeH^Ci : NOCOCeHgPOgHg 

Ethylanishydroximic anisyl 

ester CH^OCeH^q: NOCOCeH^OCHalOCgH^ 

Ethylbenzhydroximic anisyl 

ester CeH^q : NOCOCeH^OCHaPCaHg. 

Defeerminatioii of Configuratioii. We haye now to consider the 
methods adopted by Hantzsch for determining the configuration of 
the isomeric oximes. The methods, like those applied to ethylene 
deriTativeSy are based on some marked difference in chemical be- 
hayiour, and especially on intramolecular changes such as the forma- 
tion of anhydrides. 

Gonfignration of the iUdozimes. It is foimd that one of the 
isomeric aldoximes decomposes into a nitrile more readily than the 
other. This property is taken to indicate the syn configuration. 

Thus benzsynaldoxime forms benzonitrile and water, 

C5H5C . H — G0H5C 

II III + H,0. 

N.OH N 
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The reaction is generally performed by warming the aldoxime witii 
acetic anhydride (when the acetyl derivative is formed), cooling, adding^ 
solid sodium carbonate, and finally a solution of caustic soda. Under 
these conditions the anti-compound is unattacked, and dissolves in 
the alkaline solution, whilst the nitrile from the syn-compound 
remains undissolved and is readily detected by its strong and 
characteristic smell: 

O^HsCH 

II « CfiHg . ON + CH3 . COOH 

NO.COCH3 

The two phenyloximino-acetic acids ^ may be distinguished by the 
same process. The acetyl derivative of the one yields benzonitrile, 
that of the other is hydrolysed and gives the original oximino com- 
pound. The first has therefore the syn configuration : 

C-Hs . C . COOH C^HfiC CO, 

II - III + 

N.O.COCH3 N HO . COCH3 

Antiglyoxime dicarboxylic acid behaves in the same manner and 
gives carbon dioxide, water, and cyanogen : 

COOH . C—C . COOH COg G-C CO. 

II II « + III 111 + 

HO.N N.OH H2O N N H^O 

The behaviour of carbanilide compounds of the aldoximes can also 
be employed for determining configuration. One of the isomers 
(probably the syn-compound) undergoes decomposition either spon- 
taneously or on heating, and yields the nitrile : 

CfiHg . CH CgHgC 

II - II + CO, -H NH,CeH, 

KCCONHCeH, N 

Another method of distinguishing syn and anti aldoxines depends 
on an observation of Comstock' that only the former unite with 
cuprous chloride and bromide, forming compounds of the general 
formula (R . CH : N0H)2CuX. 

Configuration of the Ketozinies. In determining the configura- 
tion of the ketoximesHantzsch employs what is known as Beckmann's 
reaction. When the ketoximes are treated with strong sulphuric 
acid, hydrochloric acid, or phosphorus chloride, a molecular change 
occurs whereby the oxime is converted into an amide. To prevent 
conversion of one isomer into the other during the process, it is found 

^ Hantzsch, Ber., 1S91, 24, 41. * Amer. Chem, J,, 1897, 19, 485. 
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adyisable to use phosphorus pentachloride in preference to the other 
reagents, and to add it to the compound in a cold solution of benzene 
or petroleum spirit. The reaction has been explained in the following 
manner. The hydroxyl group attached to the nitrogen atom changes 
place with the radical attached to the carbon atom in the cis posi- 
tion. This is followed by the shifting of the hydroxyl-hydrogen 
from the oxygen to the nitrogen (p. 822). The character of the 
product will consequently depend on the relative positions of the 
hydroxyl group and radical in the oxime. If a and b denote the two 
radicals the changes will proceed as follows : 

1. a— C— b - HO.C— b -* 0:C-b 

II II I 

HO.N a— N a— NH 



2. a— C— b -► a— C.OH - a— C:0 

II II I 

N . OH N— b HN— b 

The amine and acid obtained by decomposing the amide will be 
different in the two cases. 

Thus, there are two isomeric p-methoxybenzophenoneoximes m. p. 
187^ and 115°. The one phenylanisylketoxime yields anisic anilide 
and finaUy anisic acid and aniline, and is therefore the syn-compound, 
whereas the other is converted into benzoic aniside and then anisidine 
and benzoic add, and is consequently the anti-compound : 

C^Hg . C . CeH^OCHs 0:0. CeH^OCHj HOOC . CeH^OCHj 

II -> I -* + 

HO . N CeHjHN CeHgNH, 

Syn-phenylaniBylketozime. Anisic anilide. Anisic acid and aniline. 

CjHj . C . CeH^OCHj ^ C^H^ . C : O - CeH^COOH 

II I + 

N . OH NHCeH^OCHg NHjCeH^OCHs 

Anti-phenylanigylketozime. Benzoic aniside. Anisidine and 

benzoic acid. 



Configuration of the Kydrozimio Aoids. The same reaction may 
be used for identifying the ethylbenzhydrbximic acids, for the a-acid 
(syn) changes into phenylurethane, whereas the fi-B/dd (anti) is unde- 
composed and combines with the phosphorus to form an ester : 

CeHa.C.OCjHfi HO.C.OC2H5 0:C.0C,H5 

II - II - I 

HO . N CeHj . N NHCeHg 

Ethyl syn-benzhydrozimic acid. Phenylurethane. 
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Configuration of the Dioadues or Olyoximes. The behaviour 
of glyoximedicarboxylic acid has already been mentioned (p. 284). 
The benzildioximes and analogous compounds can be differentiated 
by the aid of Beckmann^s reaction. The most stable (0) of the benzil- 
dioximes, since it yields oxanilide, is the anti-compound : 

CeHfi . (>-C . CeHft HO.C— C.OH 



11 I 



II I 



HO.N N.OH aH-.N NaH 



t^^o' 



'6"5 



0:C— C:0 

I I 
CcH.HN NHCeHs 



The a-compound gives dibenzenylazoxime and is therefore the syn- 
compound: 

CgHg . C 



CgHsC.OH HO.N 



II 



o 



C . CyHg 

II - 1 

N.OH HO.N N 

O 

/\ 
^ CjHs.C N 

II II 
N— C.CeH, 

whilst the y-dioxime is converted into benzoylphenylurea and repre- 
sents the amphi-compound : 



CaHjc . C- 



■C . CnHi 



HO.N HO.N 



CgHg.C 



JBLO . C . CgH5 

II 

N 



N 



HOC 

II 
C.H,N HO.CC.H 



y 

HO.N 
0:C 



NH 



'e 



6" 



aH,NH 0:C.C„H, 



The syn-dioximes are further characterized by the formation of 
anhydrides or furazanes : 



OnXle • C- 

I 



■C . CaH 



6^ 



C«Hr . C — C . CaH 



N.OH HO.N 



Syn-benzildioxime. 



N 
\ 



II 

N 



6**6 



<<- 



Diphenylfurazane. 







The same property can be utilized to determine configuration in such 
cases as the j3-ketoximic acids of the formula R . C(NOH) . GH, . COOH 
and ^-oximinoketones R . G(NOH) . CHo . CO . R^ even though no 
second isomer is known. Both groups of compounds form anhydrides 
more or less readUy, and possess, therefore, a syn configuration : 
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R.C.CH^.COOH R.C.CH2.CO 

II - II I 

N.OH N O 

Syn-ketoximeacetic acid. Syn-oxazolone. 

B.C.CH^.CO.B E.C.CH:C.R 



II - II 
N.OH N O 

Syn-oximinoketone. Syn-oxazole. 

Tschugaeff ^ finds further that it is possible to distinguish the syn 
dioximes by the compounds which they form with various metallic 
salts, such as those of nickel, cobalt, palladium, platinum, iron, and 
copper. 

ZiiTersion of the Ozimes. The manner in which the oximes 
undergo conversion into one another has already been illustrated 
in the case of the benzaldoximes and benziloximes (pp. 271, 273). 
Heat, light, and crystallization will sometimes effect the change, but 
hydrogen chloride in presence of benzene, ether, or alcohol is the 
most common and effective reagent for transforming the anti-aldoxime 
mto the hydrochloride of the syn-compound provided that water is 
excluded. If water is present the reverse change may occur, and 
frequently the syn-compound in the free state passes spontaneously 
into the anti-compound. 

The alkyl derivatives of the aldoximes change, if they change at 
all, in the direction from the syn- to the anti-compound. There is no 
question of a reversible change in the sense that a definite equilibrium 
mixture of the two products is formed. It is usually complete in one 
direction. ' The behaviour of the two isomers must be explained by 
the relative stability of the free oximes and their salts. 

It is clear that in the case of the benzaldoximes the syn-compound 
is labile in the free state, whereas it forms a stable hydrochloride. 
Luxmoore' has shown, for example, that hydrochloric acid gas passed 
into an ethereal solution of benzantialdoxime at 0° precipitates the 
anti-hydrochloride ; but on attempting to recrystallize it, it was 
converted by simple dissolution into the hydrochloride of the syn- 
compound, and a similar change was observed to take place slowly at 
the ordinary temperature : 

C^Hx . C . H OaHk . C . H 

11-11 
HO.N(HCI) (HCl)N.OH 

* JB«r., 1908, 41, 1678 ; see also Atack, Trans. Chem, Soc , 1918, 103, 1817. 

* Hantzech, ZeiL phy< Chem,,, 1894, 13. 509. 
' TranA, Chan. Sou, 1896, 69, 181. 
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As soon as the syn-aldoxime is liberated by the addition of alkali, 
or its hydrochloride becomes dissociated by the addition of water, 
it reverts to the anti-compound. This cycle of changes may be 
represented by the following scheme : 

C0M5 a G • M + MCI Cii£l« . C .H 



II 

HO.N 
stable 

§ 

u 
o 

CeH5 . C . H 



'e"5 



B 



HO.N(HCl) 
labile 



N.OH 

labile 



-HCl 



o 
*t 

5' 

CeH^.C.H 

(Ha)N.OH 
stable 



Hantzsch ^ divides the oximes into the acid stcMe and the alkali 
stable and formulates the more general scheme : 



«. 



) 



X - Na, X = HCl, CjHjO,&c 

stable labile 

Bi^rC—R, -♦I Ri— C— B^ 

structural change _ 

XO— N 



+ 
XO— N 



c 

•I 1 

Ri"— C — Rj 

+ 
N— OX 

labile 



I 



1 



« 



P 



structural change 



N— OX 

stable 



All the dioximes such as the diozimes of benzil, phenylglyozal, 
glyoxal dicarboxylic acid, as well as the oximes of |>*hydroxybenso- 
phenone and phenylglyoxylic acid^ exhibit this behaviour, which 
explains, among other things, the formation of the one isomer by 



^ QntndTiaB dtr StenoeKtmi$f 2nd ed. p. ISOl 
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the action of free hydroxylamine in the presence of alkali, and the 
other hy the use of the hydrochloride (p. 273). 

The instahility of the anti-compounds in presence of acids^ 
especially hydrochloric acid, accounts for the action of acetyl chloride, 
which, by producing traces of hydrogen chloride, converts benzanti- 
aldoxime into the acetyl derivative of the syn-compound ; hence 
the substitution of acetic anhydride in the method described for 
determining configurations. It explains also the use of carbon dioxide 
for liberating the anti-benzaldoxime from its sodium salt (p. 273). 

It is readily conceivable from what has been stated that the forma- 
tion of the particular isomer is dependent on the chemical or 
physical conditions of the experiment, and that it is rather the excep- 
tion than the rule to find both isomers in the product Nevertheless, 
isomeric ketoximes of the aromatic series frequently appear together 
when the oxime is formed in alkaline solution by Auwers' method,^ 
and they can then be separated by fractional crystallization. The 
simultaneous formation of the two aldoximes has been observed 
in the process of decomposing the bisnitrosylbenzyl compounds.' 
The latter are formed by oxidizing the /3-benzylhydroxylamines, 
2CeH6CH, . NHOH + O, - (CeHsCHaNO) , + H^O 

and with sodium ethylate yield a mixture of the two geometrical 
isomers: 

(CeHjCHjNO), - 2CeH5CH:NOH (syn and anti). 

But in other cases the two compounds are derived from different 
materials^ one oximino-succinic ester, for example, being prepared by 
the action of nitrous acid on succino-succinic ester, and the other by 
the action of hydroxylamine on oxaloacetic ester' : 

HOOC . C( : NOH) . CHa . COOH 

Oximino-Buccinie ester. 

BtaWity of the Zsomerio Ozimes. It must not be supposed 
that in all cases the number of isomers corresponds to that demanded 
by the theory. The unsymmetrical monoximes do not always exist 
in two forms. In many cases the isomer is missing. Among the 
aromatic aldoximes only one oxime of o-tolylaldoxime, o*anisaldoxime, 
and salicylaldoxime is known, whilst, with the exception of acetald- 
oxime, oenanthaldoxime, and possibly propionaldosdme, no stereoiso- 
meric representatives of the aliphatic aldoximes exist. The single 

> Btr., 1889, 22, COi. 

• Werner's Lehrhueh der Stereothemi€, p. 270. 

> Ebert, Annaletij 1886, 229, 65 ; Plutti, Ber., 1891, 24, 2287. 

PT. II U 
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aromatic aldoximes mentioned aboye areanti-aldoximes; the majority 
of aliphatic aldoximes, on the other hand, are syn-compounds. 
Thia result is significant when combined with the fact, already 
discussed, that oximes in the free state frequently exhibit marked 
differences in stability. Hantzsch attributes the dififerenee to the 
nature of the radicals attached to the doubly-linked carbon atom, 
which may attract or repel the oxime-hydroxyl in its yioinity. 
Working on this basis and from a careful study of a variety of 
aldoximes and ketoximes, Hantzsch has drawn up a table of radicals 
which are arranged in the order of decreasing attraction for the 
hydroxyl group. The principal members are : 

1. COOH.CH,; 2. COOH ; 8. C^Ha; 4. CeH4X ; fi. C4H,8; 

8. GbH^b^x; 7. GHs. 

It follows from this table that the syn configuration will exhibit 
greater stability in the case of compounds containing radicals which 
attract the hydroxyl group, whilst in those in which the radical 
repels the hydroxyl, the anti configuration will be the more stable. 
If the instability of the second isomer is such as to preTont its 
existence under ordinary conditions, the absence of the anti configura- 
tion of the oxime of benzoylacetic acid and of the syn configuration 
of acetophenone is readily accounted for: 

CeHe . C . CHgCOOH C^Hj . C . CH, 

N.OH HO.N 

Oxime of Benzoylaoetio Aoetophenoneozimei 

acid. 

The absence of one isomer is more likely to occur where the 
radicals are drawn from the extremes in the scale, whilst oximes 
containing radicals drawn fi^m the middle would appear to have 
a better chance of a stereoisomeric existence. Experience seems 
to justify this conclusion. Ketoximes C^'BL^ . C(NOH) . C^H^X, con- 
taining the aromatic radicals 3 and 4, form sufficiently stable syn 
and anti configurations to be isolated without difficulty and present 
the greatest variety of examples of this kind of isomerism. The 
relatiye stability of these compounds is also subject to yariation 
depending on the nature as well as on the position pf the radical X. 

A word must be added on the position of hydrogen in the seale. 
Its behaviour seems capricious. Whilst in aldoximeacetie acid, 
hydrogen, by its strong attraction for hydroxyl, appears at the 
opposite end of the scale to methyl 
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H.C.CH^-COOH 

II 
HO.N 

it fihows the yeiy reverse behaviour in the benzaldoximes, in which, 
especially in the ortho series (p. 289), it has strong proclivities for 
the aromatic radical. 

The order of attraction of the radicals for the hydroxyl will 
naturally make its influence felt in the process of chemical change, 
and it is scarcely surprising that such decomposition as the forma- 
tion of nitriles from the aldoximes and ketoximecarboxylic acids, 
as well as the production of anhydrides, should vary with the nature 
of the radicals. 

Syn-aldozimes and carboxylic acids of the aliphatic series, such 
as aoetaldozime and the oxime of pyruvic acid, 

CH,.G.H CH3.C.COOH 

II II 

N.OH N.OH 

Aoetaldozime. Oxime of pyruyio aoid« 

form acetyl derivatives which spontaneously yield the nitriles, 
whilst if the alkyl is replaced by an aiyl radical the decomposition 
is retarded. 

Sufficient has been said to indicate how much less decisive are 
the methods available for studying the configuration of the oximes 
than is the case in the ethylene series. 



Stereoisomeric hydrazones of the general formula 

jJNC-N.NHB 

frequently appear together in the course of preparation by the 
ordinary process from ketones and hydrazines, and can then be 
separated by fractional crystallization. In other cases the one is 
transformed into the other by the action of reagents.^ Fehrlin' 
observed that the hydrazone of o-nitrophenylglyoxylic acid yields 
an isomer on dissolviag it in alkalis, and the two compounds have 
difierent melting-points, crystalline appearance, and solubilities, but 
form the same product on reduction. Different materials may occa- 
sionally give rise to the two isomers. One of the isomeric phenyl- 
hydrazones of anisylphenylketone is obtained from the ketone 

1 Lookemann and Lieeche, Annalen, 1905, 342, 14 ; Laws and Sidgwick, Tran$. 
Chun. Soe., 1911, 99, 2085. * Ber., 1890, 23, 1574. 

U2 
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chloride, whilst the second is derived from the ketone itsell^ 
They differ in appearance and solubility, and one is slowly trans- 
formed in alcoholic solution into the other. The subsequent dis- 
covery of two diphenylhydrazones of anisylphenyl ketone, which 
were obtained in the same way, excluded the probability of 
structural differences in the two series of isomers. 

Anschtltz and Pauly obtained from dihydrozy- tartaric ester three 
isomeric diphenylhydrazones, two of which pass into the third by 
heating the solution, or by the action of traces of iodine or sulphur 
dioxide. Two hydrazones of benzoyl-formaldehyde were prepared 
by Bamberger and Schmidt, and isomeric hydrazones of aldehydes 
have also been obtained from benzaldehyde, nitroformaldehyde, 
salicylaldehyde, and protocatechuic aldehyde. 

In addition to these the following important hydrasones exist in 
stereoisomeric forms : 

Hydrazones. 

Acetaldehydephenylhydrazone 

Benzoinphenylhydrazone 

Gyanacetic ester phenylhydrazone 

Gyanacetic ester o-and |>-tolylhydrazone, 
and other substituted phenylhydrazones of cyanacetic ester. 

OsaioiiM. Stereoisomeric osazones are also known. Geldermann 
obtained an osazone of glyoxal dicarboxylic ester, m. p, 120-121% by 
the action of phenylhydrazine in alcoholic solution. Two other 
isomers, making up the theoretical number, were subsequently 
prepared by Anschtitz and Pauly.* 

ROOC . C( : N . NHCeHfi) . q : N . NHC0H5) . COOR 

Osazone of gljoxal dicarboxjlio ester. 

SamicarlMttOBas. Isomeric semicarbazones of camphorquinone, 
from which structural isomerism is excluded, have been obtained 
by Forster and Zimmerli,' and also of phenylstyryl ketone and 
mesityloxide by Wilson and Heilbron.* 

Chlorimiclo Compoundfl. A number of stereoisomeric compounds 
of the general formula 

a— C— b 



Na 

1 Hantzsch and Kraft, Ber,, 1891, S4, 8511 ; Hantzsoh and Overton, Ber., 1898, 
26,9. 
 B$r., 1896, 28, 64. » Trans, Chem, Soc., 1910, 97, 2156. 

 Trans, Chem. i>oc., 1912, 101, 1482 ; 1918, 108, 877. 
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have been obtained by Stieglitz and his co-workers. The simplest 
is that derived from |>-chlorobenzophenone, which yields two ohlori- 
mides.^ 

CeHg . C . CeH^a CeHg . C . CeH^Cl 



NCI aN 

Chlorimido ethers have further been prepared from the amides of 
i»- and jhnitrobenzoic and naphthoic acid by the action of sodium 
hypochlorite. The chlorimides obtained in this way ai'e converted 
into ethers with diazomethane.' 



3 



Ar.CO -^ Ar.CO -♦ Ar.C.OCH 

I NaOCl I CHjNa l| 

NHa NHCl NCI 

Each of these exists in two stereoisomeric forms. 

Anil Compounds. Few stereoisomeric anil compounds of the 
formula 

a— C— b 

NR 

have been prepared, but examples of them are known.' 

Storeoolioiidstry of tho DuuEO-oompoiincUi. Many years ago 
Oriess found that when a concentrated solution of caustic potash is 
added to diazobenzene chloride, a colourless crystalline potassium 
diazotate is deposited, which, in conformity with Kekul^'s formula 
for diazobenzene, appeared as follows : 

CeHfiNzN.OK. 

In 1894 Schraube and Schmidt* made the curious observation that 
if diazobenzene chloride and strong potash solution are heated to 
180-140° a new crystalline compound of great stability is formed, 
which is isomeric with Griess's salt Two isomeric derivatives of 
j>nitrodiazobenzene were obtained in a similar way. Not the least 
Temarkable of the characteristics of the new and stable isodiazotates is 
their inability to give azo-colours when added to an alkaline solution 
of a phenol, a property which is entirely contrary to the ordinary 
behaviour of diazobenzene salts. This property is, however, regained 



> B0r., 1910, 48,782. 

' Stieglitz and others, Anm, Chem. J., 1903, 80, 899; 1908. 40, 152. 
< Straus and Ackerman, Ber.^ 1910, 43, 596; Hicks, 2Vans. Ch^m. Soc, 1910, 
07» 1082 ; Manchot and Furlong, Ber,, 1909, 42, 8080. 
« Bw,, 1894, 27, 514. 
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if the potassium salt is first acidified and then brought into the 
alkaline solution of the phenol. Further investigation showed that if 
the isodiazotate of potassium is acted on with an alkyl iodide or acyl 
chloride, a phenyl nit rosamine derivative is formed of the formula 
G^H^NR.NO, and for this reason Bamberger regarded the new 
compound as the potassium salt of phenylnitrosamine : 

CeHfiNK . NO. 
The insufficiency of this deduction was shortly afterwards pointed 
out by von Pechmann, who, by using the silver salt in place of the 
potassium compound, prepared the isomeric ethers, having the 

formula: 

CeH^.NrN.OR. 

The case is precisely parallel to that of the amides and aldozimes 
and many other compounds which exhibit tautomerism (p. 814). 
Hantzsch, without, it must be admitted, any very clear evidence^ 
explained the isomerism of the two diazotates by a space arrange- 
ment of the ethylene or oxime type. The unstable potassium com- 
pound represented the syn, the stable salt, the anti configuration : 

CeH,N CeH^N 

II II 

KO.N N.OK. 

Syn-diazotate of potassiiim. Anti-diazotate of potaisimn. 

But the view very soon received substantial support from Hantzsch*8 
discovery of a second diazobenzene sulphonate and diazobenzene 
cyanide ; for, unlike the diazotates, these substances possess no 
mobile hydrogen atom, and do not admit of tautomeric change. 

By the action of potassium sulphite on diazobenzene chloride 
Fischer had prepared potassium diazobenzene sulphonate : 

CeHgN : N^ . 01 + K^SOg - C^jBgN : N • SOjK + KQ. 
By performing the same reaction at a low temperature and in pre- 
sence of sodium carbonate, the new and highly unstable sulphonate 
is obtained. The production of the two cyanides is effected in a 
similar manner. 

Hantzsch expressed the constitution of these compounds as fol- 
lows: 

CeH^ N CeH^N 

II II 

KO38 . N N . SO3K 

Potassium Dlazobenzenesulplionates. 

C«H,N C,H5N 

II II 

NC.N N.CN 

Diazobenzene cyanides. 
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This view was strenuously opposed by Bamberger, who adhered to 
the opinion that structural and not stereoisomeric differences under- 
lie the constitution of the two series of compounds. After a long 
controversy a partial rajoprochemeni between the views of Hantzsch 
and Bamberger was at length reached. Both observers are now dis- 
posed to accept, at least as regards the salts of diazobenzene with 
the stronger acid radicals, which do not exhibit isomerism, the for- 
mula proposed in 1875 by Blomstrand. These compounds behave 
like ammonium salts, inasmuch as they form neutral salts and 
appear from their electrical conductivities to be dissociated in aque- 
ous solution. They probably contain, like the ammonium salts, 
quinquevalent nitrogen, and have the following general formula 

(X » aoid radical) ; 

CeH,NiN 



X 

Blomstrand's formula. 

From their analogy with the salts of ammonium they received the 
name of diaeoniwn salts, and the group C^HgN • N was called the 
diazonium group. But whilst Blimberger explains the two series of 
isomeric diazo-compounds by the diazonium and diazo formulae, that 
is, as differing in structure, Hantzsch retains for the alkaline diazo- 
tates, the diazosulphonates, and cyanides their former stereoisomeric 
relations. 

Straetural Identity of Xh% Siaio-eoinpoiindfl. The reasons 
advanced by Hantzsch for regarding each pair of the series of iso- 
meric diazo-compounds as structurally identical are briefly as fol- 
lows ; the alkaline diazotates are colourless salts resembling those of 
the oximes of the general formula >G : N . OK. Though more or less 
hydrolysed in aqueous solution, like salts of the oximes, it is unlikely 
that either salt is the alkaline derivative of diazonium hydrate, which 
is a strong base like potassium hydroxide. Moreover, both diazotates 
behave chemically alike ; they are reduced to hydrazines, give with 
benzoyl chloride, nitrosoacylanilides, and yield nitramine salts on 
oxidation ( Ar — aryl) : 

Ar . N(C0CeH5)N0 . Ar . N^O^ 

NitroBobenzoylanilide. ^oUssium nitramine. 

The diazosulphonates dissociate into. two ions, E' and ArN^SOs^, 
which are yellow or reddish yellow in colour. They are, therefore, 
not diazonium salts, for they should then break up into the colour- 
less ions ArNg', ^0^'% and K*. As alkalis do not form sulphonates, 
but sulphites, which are decomposed by acids, it is unlikely that 



296 STEEEOCHEMISTRY OP TERVALENT NITROGEN 

either substance in question is a diazonium sulphite, seeing that in 
addition to being coloured they fail to give the ordinary sulphite 
reactions. 

The isomeric diazocyanides differ from alkaline cyanides in being 
sparingly soluble in water and in showing little tendency to evolve 
hydrocyanic acid on the addition of acids, but, like azoH^ompounds^ 
they are coloured and dissolve in the common organic solvents^ 
They both yield diazoamino-com pounds and diazoimino-ethers with 
the elimination of cyanogen, and like azobenzene form additive 
compounds with benzenesulphinic acid : 

Atv /Ar Ar. .ON 

>N— N< /N— N< 

H^ ^SO,C«H, H^ ^SOAHs 

Azobenzene-benzenesulphinio aoid. Diazobenzenecyanide-benzenesulpliiiiie 

aoid. 

Coiifigiiratioii of the Diaxo-componndfl. The distinction between 
the syn and anti configuration of the diazo-compounds does not appear 
to be so sharply defined as between the syn- and anti-ozimes^ nor are 
the examples of isomerism as numerous. 

Hantzsch assumes similar relations to exist between these two series 

of diazo-compounds as between the stereoisomeric ethylenes and 

oximes, that is to say, the syn-compounds, being the less stable, are 

the more reactive ; they contain more available energy. It follows 

that the isomer, which is the more easily reduced and oxidised, the 

more readily converted into the nitrosamide, and the more quickly 

combined with phenol to form an azo-colour, is the syn-compound. 

It is probably the sjni-compound also which undergoes the ordinary 

decompositions in which nitrogen is eliminated, although Hantzsch 

considers that the diazonium salts are directly susceptible of the 

same change * 

ArN Ar N 

II - I -»" III 
XN X N 

The reaction is parallel to the breaking up of the syn-aldoxime : 

H.C.CeHft H C.CeHfi 

II - I + III 

HO.N HO N 

It is also the syn-compounds which, like the cis ethylenes and syn* 
oximes, have the lower melting-point and the greater solubility. The 
syn-diazotates, sulphonates, and cyanides all behave similarly. 
The anhydride formation so characteristic of cis- and syn-compounds 
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has its probable counterpart in the production of Jacobsen's diazo- 
sulphide^ 

SH OH S 

CeH,<^ I -^ CeH,/\N 

N - N N 

of Bamberger's indazole, 

CH3 OH CH2 CH 

CeH,<^ I -> CeH,<(\N -^ CeH,<^N 

N = N N NH 

and of Wolff's ^ and Hantzsch's * quinone diazides, 



HO— N « N 

Analogous anti-reactions are unknown. 

Isomerie Change of Diaio-compoiindfl. The syn-compounds 
follow Ostwald's rule, according to which the more labile compound 
of two isomers is first formed, but as most syn-compounds pass 
spontaneously into the anti configuration, and as the change is not 
reversible in the ordinary sense, their isolation requires special con- 
ditions. It is usually effected by the action of caustic potash, potas- 
sium sulphite, or potassium cyanide on the diazonium salts in alkaline 
solutions and at low temperatures. It should be added that the greater 
lability of the syn-compound is not an invariable rule, for tribromo- 
diazobenzene cyanide, Brj)GoH2 . N^ . ON, can only with difficulty be 
converted into the anti form. The result must be ascribed to the 
presence of bromine in the nucleus, a fact which introduces the 
interesting question, to be presently considered, of the effect of nuclear 
substitution on the stability of the isomers. 

There appears to be a close connection between the diazonium salts 
and the syn-diazo-compounds, a relation which Hantzsch characterizes 
by describing the syn-compounds as pseudo-diazonium compounds. 
The term is intended to imply a kind of 'isomeric change', or 
'ionic isomerism', such as nitro-compounds and many other 
substances exhibit in aqueous solution when they pass from the 
normal to the pseudo condition (see p. 824) : 

-CHiNO.OH ^ -CHa.NO,, 

Pseudo form. Normal form. 

' Annakn, 1900, 812, 126. * Bar., 1902, 35, 88& 
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This isomeric change of diazonium to syn-diazo or pseudo-diasoniom 
salts may be represented as follows : 

Ar (0K,S03K,CN) Ar (OK, SO3K, ON) 



NiN 



I I 



en K • + Ka 

The diazonium or normal salts are stable in presence of acids, but 
pass into the syn-diazo configuration in presence of alkalis, alkaline 
sulphites, or cyanides. The reverse change is effected by acids. 
Translated into electrolytic parlance, the first change is accelerated 
by bydroxyl ions, the second by hydrogen ions. In dilute aqueous 
solution both compounds may be present and give rise to equilibrium 
mixtures. As the diazonium salts are colourless, whilst the diazo* 
sulphonates and cyanides are coloured, the change may be observed 
from the colour of the solution. Anisdiazocyanide in dilute aqueous 
solution partially dissociates into the colourless diazonium cyanide ; 
in stronger solutions the coloured diazocyanide is present. In the 
process of azo-colour production or coupling, Hantzsch considers that 
the syn-compound is first formed, and passes into the anti con- 
figuration : 

Ar CgH^OH 
I I 



Ar CeH40H 



N;N + 

I 

X 

Diazonium. 



Ar 

I 



H 



= N 

I 
CeHiOH 

Anii-azo. 



Syn-azo. 

In the light of this explanation many obscure changes become 
clear. It has been stated that the anti-diazotates lose the power of 
coupling with phenols until the solution has first been made acid 
and then alkaline. The acid converts the anti-compound into the 
diazonium salt, which in alkaline solution passes into the labile 
syn-diazo configuration. Indirectly, therefore, the anti may pass into 
the syn configuration, thus completing a cycle of changes represented 
by the following scheme : 

ArN.Ol 



II 
N 



Jt 

^V 






ArN ArN 

!l , -^ II 

NaO.N N.ONa 

In conclusion, a word may be added on the effect of different 
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elements or radicals in determining the stability of the above three 
forms of diazo-compounds. 

Hantzsch points out that the more positive the character of X in 
Ar.Ng . X the greater is the tendency towards the formation of the 
diazo complex. Thus, whilst the chlorides are colourless^ the diazo- 
bromides, thiocyanates, and iodides in the solid state are coloured, the 
colour increasing in intensity in the order of the salts given. Positive 
groups in the nucleus, on the other hand, favour the diazonium type, 
negative groups the diazo type. Thus, trimethyl syn diazo-benzene 
cyanide exhibits a tendency to dissociate into a diazonium ion, whilst 
the tribromo-derivative has the opposite effect, and forms a stable 
diazo-compound. In the same way the conversion of syn into anti 
diazo-compounds is retarded by positive and accelerated by negative 
groups. 

Azo-compounds which should exhibit isomerism of the diazo type 
are not k^own with certainty. It is still doubtful whether the two 
trinitro-azotoluenes and^azoxytoluenesof Janovsky* owe their exist- 
ence to stereoisomeric differences. 
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The discovery of stereoisomers among unsymmetrical derivatives of 
carbon has naturally directed attention to the derivatives of quinqueva- 
lent nitrogen and furnished chemists with an attractive theme for 
experimental inquiry. In constructing a space formula for quinqueva- 
lent nitrogen compounds, two conditions must be kept in view. By 
analogy with the tetrahedral form applied to carbon, the geometrical 
figure should be of a simple, symmetrical type. Purther, it must 
be remembered that the quinquevalent ^nitrogen compounds are 
usually derived from tervalent compounds by addition of two groups 
(of which one is acidic), and, from what has been previously stated, 
the three groups in tervalent compounds are in one plane with th^ 
nitrogen atom. 

Yan't Hoff* represented quinquevalent nitrogen by a cube, of 
which the nitrogen atom occupies the centre; the five bonds or 
valency directions being indicated by lines drawn from the centre 
to five corners of the cube. The linkages are all equal in length, 
but the angles which 1, 2, 3 make with 4 are smaller than with 5. 
Although these three linkages do not lie in one plane with the 

> Btfr., 1889, 22, 40, 1172. 

' AneieMm Ober die org, Ch«m.f 1878, 1, 80. 
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nitrogen atom, being, according to van 't Hoff, displaced by the in- 
fluence of the acid radical 6, they are supposed to take up this 

position when the nitrogen becomes tenra- 
lent. The remaining two linkages 4, 5 lie 
along a diagonal of the cube (5 « acid 
radical). 

Willgerodt' suggests that the bonds of 
quinquevalent nitrogen are directed towards 
the summits of two superposed tetrahedra, 
represented by Fig. 49 or more simply by 
Fig. 50. The original valency directions 
1, 2, 8 of the tervalent nitrogen are unaltered and lie in the plane 

* 4 




Fie. 4& 





Fio. 50. 

of the two contiguous faces of the double tetrahedron. The fourth and 
fifth groups (which include the acid radical) are attached to 4 and 5. 

A third arrangement, that of a four-sided 
pyramid, in which nitrogen occupies the centre^ 
has been proposed by Bischoff,* Fig. 51. 

The acid radical is supposed to occupy the 
' ax>ex of the pyramid, and the other four radicals 
are grouped round the four comers of the 
square base. The pyramidal formula may be 
conveniently denoted by a plane projection of 
the following form : 




Fio. 51. 




Fio. 52. 
A difficulty arises in attempting to derive the pyramidal formula 

1 jMim. pnkL Chtm., 1890, 41, 291. * Bw.f 190S» 28, 1197. 
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from a tervalent nitrogen group with three linkages in one plane 
without some alteration in the valency direction. An attempt has 
been made to prove the correctness of one or other of the 
two alternative formulae of Willgerodt and Bischoff by intro- 
ducing the same active alkyl group, in one case into the tertiary 
base, and in the second case into the quaternary base.^ As the 
active radical in these two cases would be differently situated in 
regard to the nitrogen atom and the other radicals, according to 
Willgerodt's formula, a difference in rotation should be produced ; 
but none was observed. Consequently BischofiTs pyramid formula, 
in which all four radicals are similarly situated, corresponds with 
the evidence so far as it goes. We will turn now to the experi- 
mental data. 

A quaternary ammonium salt of the formula NagbX may be 
formed in two ways, either from Na3 + bX or from Nagb + aX. 

The cube and double tetrahedron formulae, which may practically 
be considered as one, require that the two compounds should be 
isomeric (Fig. 68), 

h Of 



€b 





€U 



cu 



X X 

Fio. 58. 

whereas the pyramidal formula demands that they should be 
identical (Fig. 54). 

The experimental evidence is somewhat conflicting. V. Meyer and 

<t Of Lecco* found that trimethylethylammonium 

iodide prepared from trimethylamine and ethyl 

iodide and from dimethylethylamine and 

methyl iodide were identical and not isomeric. 

Le Bel,' on the other hand, obtained two different 

crystalline chlorides and chloroplatinates of tri- 

Fi». 64. methylisobutylammonium by combining the 

radicals in a different order. In other oases, such as the chloroplatinate 

of benzyl triethylammonium, trimethylpropylammonium, trimethyl- 

* Cohen, Marshall, and Woodman, Trans. Chem, Soc, 1915, 107. 887. 
« Ber., J874, 7, 1747 ; 1876, 8,288, 986. 

* Ctm^t, r$nd,t 1890, UO, 145 ; 1891, 113, 725 ; BuU. Soc. Chim., 1890 (8), 4, 104. 
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ethylammonium,^ &c., prepared in two different ways, no difference 
in crystalline form was observed. As the chlorides and chloroplatinates 
of primary and secondary amines, as well as of quaternary bases 
containing the same four radicals, frequently exhibit dimorphism in 
their salts, it is possible that the differences noticed by Le Bel are 
due to the same cause. A considerable number of experiments haTe 
been made in the attempt to obtain stereoisomers of the type 
NasbcX. The double tetrahedron requires three isomers, of which 
one is asymmetric and should yield optical enantiomorpha (Fig. 55) : 

o b 




X 

Indiyiflible. 





X 

Indivisible. 
Fxe. 65. 



X 

Diyisible. 



The pyramid formula should yield two isomers, one of which 
asymmetric and divisible (Fig. 66) : 





^ a cu c 

Indivisible. Divisible. 

Fie. 66. 

Among the first attempts to obtain quinquevalent compounds of 
this type are those of Schrjrver and Collie,' who succeeded in preparing 
dimethylethylisoamylammonium chloroplatinate by introducing the 
radicals in three different ways. When the process was conducted in 
the cold, two crystalline modifications — rhombic and monoclinic — 
were obtained. The monoclinic readily changes into the rhombic 
form on warming. As in the cases already described, there is no 
evidence that the phenomenon is not due to dimorphisuL 

^ Proc. a^em. Soc., 1891, 7, 89. 

' Sohryver and Collie, Proe. CTunu 8oc, 1891, 7, 89. 
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It is' possible that the crystalline forms may represent stereo- 
isomeric platinum salts according to Briggs' theory (Part I, p. 94). 



Cl-B 



CI 



2 



CI 



\ 



«7 

Cl-B 



CI 



B-Cl^ 

of 



(B^Base) 



«7 

Cl-B 



CI 



CI 



A more comprehensive examination of this type of quaternary 
compound has been made by H. 0. Jones,^ who found that even 
when the combination of the tervalent group with the alkyl iodide 
was effected in the cold only one product was formed. This product 
could not be resolved into active enantiomorphs by Pope and 
Peachey's method (to be presently described in detail), which 
consisted in recrystallizing the d-camphorsulphonate or e^-bromo- 
camphoraulphonate of the base. Other attempts in this direction 
by different observers' have been equally unsuccessful, with the 
exceptions of those of Aschan,' who obtained two isomers of ethylene- 
propylene-dipiperidinium dibromide, and also of ethylene-trimethyl- 
ene-dipiperidlnium dibromide and diiodide, by combining piperidine 
with alkylene bromide in two ways : 



C£Lo CH< 



Clio CHi 



C Hg CH g 



CHo C£[« 



^2 



Sj Br Cll Cllj Br CII2 CHj 



Eihylene-propjlene-dipiperidiniu m dibromide. 
C Hg CH g 

CMq Br CMo CM 



CBL0CH2CH2 




Br CH7 



CHoCBlg 



CHg Clig ±JL v/xxj V/AA2 ■"* ^-"2 ^-"2 

Ethylene-trimethylene-dipiperidinium dibromide. 

As these compounds have not been resolved, it is possible that it 
is not a question of asymmetric nitrogen, but of ds-trans isomerism 
in which the bromine atoms linked to nitrogen are situated on the 
same and on opposite sides of the plane of the rings. 

On the other hand Scholtz * has obtained two isomers by combining 
oxylylene dibromide with d-phenyl d'-methylpiperidine, 

> Trans. Chmn. Soc., 1908, 88, 1400. 

> Henschutkiii, Zeit ph^t. Chim.f 1895, 17, 226 ; Evans, Trains. Cktm. Soc, 1897, 
71,622 ; Wedekind, Ber., 1899,82, 527. 

> JBer., 1899, 82, 988 ; Zsii. pkjfs. Chsm,, 1908, 46, 804. 
« Ber., 1910, 48, 212L 
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>.^,. )>N< >CHs 

\CH,/^ \CH(C,H JCH, / 

which cannot be accounted for in this way. 

We come now to the type NabcdX, which on the whole affords the 
most interesting and conclusive results. The number of possible 
isomers is much increase^!. The double tetrahedron requires four, 
the pyramid three, isomers, all of which are asymmetrical and should 
be divisible into optical enantiomorphs. Some of the first members 
of this type were obtained by Wedekind,' who prepared phenyl-ethyl- 
methyl-allyl ammonium iodide in three ways. Nevertheless, only 
one product was obtained. The alleged difference between phenyl- 
benzyl-allyl-methyl ammonium iodide, obtained by the action of 
methyl iodide on ben2yl-allyl-aniline, and that produced by combin- 
ing allyl iodide with methyl-benzyl-aniline, or benzyl iodide with 
methyl-allyl-aniline, has now been traced to an error* of observation, 
the first of the two being actually phenylbenzyldimethyl ammonium 
iodide.' Several other products which at first apx>eared dissimilar 
have since proved either to be identical or to have a different 
composition.' 

The first successful attempt to resolve a compound of the type 
NabcdX into its enantiomorphs was made in 1891 by Le Bel,* who 
submitted a solution of methyl-ethyl-propyl-isobutyl ammonium 
chloride to the action of the mould jpenieiUium glaucum, when the 
solution became feebly laevo-rotatory, [a]© « - 7*^ to - 8°. 

The active chloride was isolated as chloroaurate and ohloroplatinate 
and analysed and converted into the acetate, which was also active, 
but the activity disappeared when the platinum or mercury double 
salt was decomposed by hydrogen sulphide. Doubt was thrown 
upon the result by Marckwald and Droste-Huelshoff, but it was 
reaffirmed by Le Bel, who announced that he had succeeded in 
preparing active solutions of other compounds by the same method. 
The results achieved by Pope and Peachey,' by Pope and Harvey/ 
and by H. O. Jones ^ are of a much more decisive character. Pope 
and Peachey succeeded in resolving Wedekind's a-phenyl-benzyl-allyl- 
methyl ammonium iodide by converting it, by means of the silver 
salt, into the d-camphorsulphonate, and fractionally crystallizing the 

* Ber., 1908, SO, 8791. « H. 0. Jones, Traw. Chem. Soc, 1906, 87, 1721. 
» Ber.j 1902, 86, 178, « Ompt. rmd,y 1891, 112, 724. 

• 2V«w. Chem. Soc, 1899, 76, 1127. • 2Vo«t. Chim. Soc, 1901, 79, 828. 

f Trant. Chem. Soc., 1908, 83, 1400 ; 1904, 86, 228 ; 1906, 87, 186 ; see alao 
Wedekind, Ber., 1906, 88, 8938, and Scholtz, £€r., 1906, 38, 696, 1289. 
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latter from acetone and ethyl acetate, solvents which prevent dis- 
sociation and therefore diminish the chances of racemisation, to 
which the ammonium salts are very prona 

The two camphorsulphonates were then decomposed with potassium 
bromide and iodide and converted into the corresponding bromides 
and iodides of the base. The bromides showed a rotation of 
[aJD » + e^-l"" and - 650'' and the iodides of + 56-8'' in chloroform 
solution. 

Since Pope and Peachey succeeded in resolving Wedekind's asym- 
metric nitrogen compound, a very large number of similar substances 
have been separated into their active components by Wedekind and 
H. O. Jones and their pupils, who have obtained a series of am- 
monium salts containing the following groups of radicals : 

Phenyl, methyl| benzyl, and a series of alkyl radieals.^i* 
Phenyl) methyl, allyl, and a series of alkyl radicals.^ 
IhMethoxyphenyl, methyl, benzyl allyl.' 
p-Ethoxyphenyl, methyl, benzyl allyL^*' 
P-Bromophenyl, methyl, allyl, and a series of alkyl radicals. > 
Benzyl, methyl, allyl, and a series of aryl radicals.^ 
Allyl kairolininm iodide.^ 




CH, I C,H5 



It is an interesting fact that in whatever order the radicals are 
introduced not more than one inactive pair of enantiomorphs has so 
far been produced. 

Compounds have also been obtained containing both an asymmetric 
carbon and nitrogen atom, as well as two asymmetric nitrogen atoms. 
These should give two inactive externally compensated isomers ; or, 
if one of the radicals is active, two active isomers should result. 
Examples of all these types have been prepared. 

Jones ' obtained two active isomers of phenyl, methyl, ^amyl, allyl 
ammonium iodide, Scholtz ' the ethylallyl, benzylpropyl, and benzyl* 

1 Jones and Thomas, Tran». Cktm. Soe.y 1906, 80, 280 ; Jones and Hill, Trarm, 
Chem. 5oc.. 1908, 93, 296. 

* V7edekind and Frohlioh, B^r., 1907, 40, 1001. 

* E. Wedekind, fier., 1906, 88. 8988. 

* Backney, Trans. Oum, Soe., 1907, 81, 1821. 

» £. and O. Wedekind, Ber., 1907, 40, 4460 ; Tran$. Otem. So^, 1906, tf7, 186. 

* B$r., 1906,88,696.1289; 1907,40,686. 

FT. II X 
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butyl coninium iodide ia two active forms, and Wedekind and Key ' 
the compound of N-ethyl- and N-propyl-tetrahydroiaoquinoline with 
J-menthyl iodacetate. 



CeH,<( 



N^I 
N3H,.COOCioHi9 

Scholbs ' has observed that the formation of two isomers in the case 
of the quaternary iodides of a substituted alkyl piperidine which 
contains both an asymmetric carbon and nitrogen atom 




appears to depend on the size of the a radical (R') ; for it is only in 
the case of the larger radicals that two isomers have been obtained. 

Among^he compounds containing two asymmetric nitrogen atoms 
Wedekind ' has obtained the following : 

C3H7V yOe^a 



c«h/j 



^CHj 



C^H An . CHj . CHo . CH. . Ne<:i,H5 

CH/ I I \CH3 

I I 

The first was resolved ; but, although two isomers of the second were 
obtained, they were both inactive, corresponding therefore to racemic 
and meso-tartaric acid. FrOhlich/ however, succeeded in resolving 
a benzidine derivative containing a symmetrical pair of asymmetric 
nitrogen atoms. 

One phenomenon connected with the resolution of asymmetric 
nitrogen has given rise to some discussion, namely, the autorace- 
misation of the great majority of the active quaternary bromides and 
iodides in chloroform solution. The fluorides seemed less disposed to 
change, and the same is the case if alcohol is the solvent From the 
fact that the two isomeric phenyl, methyl, 2-amyl, allyl ammonium 
iodide change into the same active product on standing seems to 

1 £«-., IOCS, 41, 4M ; 1909, 42, 21S8. > Ber., 1908, 41, 200S. 

• B«r., 1909, 42, 308 ; 1910, 43, 2707. « Smr., 1911, 44, 1067. 



QUATEENARY AMMONIUM SALTS 



807 



point to dissociation and reunion of the alkyl iodide ; at least this is 
the view taken by Pope and Harvey, Jones and others, and appears 
to be supported by the greater weight of evidence.^ 

Before concluding an account of optically active nitrogen com* 
pounds, mention must be made of a remarkable member of this 
group of substances. 

In 1908 Meisenheimer ' resolved methylethylaniline oxide, by the 
aid of d-camphorsulphonic acid, into its active enantiomorphs. The 
structural relation of the base to the salt has been shown to be the 
following : 



c,hAn=o 



CH,. /OH 

c,hAn<; 



X B acid radical 



The enantiomorphs are crystalline substances and dissolve in 
benzene, from which it follows that the base is present rather as the 
oxide than the hydrate. Methylethyl-^-naphthylamine and kairoline 
oxide have also been obtained and resolved in the same manner. 



CH, 




CH3 O 

Kairoline oxide. 

The formation and configuration of quinquevalent nitrogen com- 
pounds have been placed in a clear light by H. O. Jones.^ Adopting 
BischofiTs pyramidal configuration as the most symmetrical and 
affording the smallest number of possible isomers, and further 
assuming the plane arrangement of tervalent nitrogen groups, the 
passage of t«rvalent to quinquevalent compounds is represented by 
the following scheme: 

X 



•^C 



'^ 



k: 



<^ 



k: 



b 
b o 



1 Annual Biport$f 1907, p. 105 ; 1908, p. 109. 

3 Ber„ 1908, 41, 89A6 ; 1909, 42, 808 ; Annalcn, 1911, 385, 117. 

• Trwi§.aum,8oG., 1905, 87, 1728. 

x2 
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The process represents an unstable intermediate stage which 
changes to the stable pyramidal form, and, by the addition of the 
groups dX in the two possible ways, gives enantiomorphous con- 
figurations. It is easy to explain also why the formation of the 
compound NabcdX from Nabc and dX, or from Nabd and cX, &c., 
should always give one product, since there must be one arrangement 
more stable than the others, and equilibrium would be established in 
this position during the intramolecular change. Considering only 
one of the enantiomorphs, the process would probably take place as 
follows: 






i 



a- 






b c 



a— 



K 



It is easy to understand also, from this point of view, the absence 
of isomers of the type NagbX or Na2bcX, each of which may be 
supposed to assume an arrangement which does not admit of resolu- 
tion into enantiomorphs. Using the projection formulae, in which 
the dotted lines denote the plane of symmetry, the arrangement will 
appear thus : 





Fio. 67. 



STEREOCHEMISTRY OF OTHER ELEMENTS 

Optically Active Sulphur and Selenium Compounds. Pope 
and Peachey's discovery of optically active nitrogen compounds was 
soon followed by that of optically active sulphur, selenium, and tin 
compounds. The active sulphur compounds were obtained from 
methylethylthetine.^ The bromide was decomposed by silver 



» Trans, Chm, Soc., 1900, 77, 1072. 
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(i-camphorsulphonate, and the salts so obtained repeatedly crystallized 
from alcohol and ether. 

C.H5. .CH2 . COOH 
CH3 SOsCioHj^O 

Hethylethylthetine eamphorsulphonate. 

A fraction was obtained which melted at 118-120^ and showed 
a rotation of [M] d "> + ^^^9 whereas that of the d-camphorsulphonic 
acid is [M]d ■» + 52^ With the (l-bromocamphorsulphonate the frac- 
tion melted at 166-168^, and gave a rotation [M]d ■-• + 290^ instead of 
[M]d « 275^, the rotation of the acid. The salt was decomposed by 
platinic chloride in an alcoholic solution containing hydrochloric 
acid, and yielded a platinum salt, 

C2H5V >CHa • COoH \ 

en/ \si /, 

which gave a rotation of [M]d ^ + 80-8^. 

About the same time Smiles* obtained the methylethyl sulphine 
compound of co-bromacetophenone, 

C2H5^ /CIH2 . CO • G^H^ 

CB/ ^Br 

which he succeeded in resolving into its active enantiomorphs by 
Pope and Peachey's method of crystallization of the ^bromocamphor- 
sulphonate. The Z-compound is less soluble than the d-enantiomorph 
and separates out first. From the alcoholic solution the sulphines 
were precipitated as picrates, and showed a rotation in acetone 
solution of -9*2^ and +8*1^ The observations have since been 
revised by Pope and Neville, who obtained much higher rotations. 

Active selenium compounds were obtained by Pope and Neville * 
from phenylmethyl selenetine bromide, which was converted into 
the (2-bromocamphorsulphonate and submitted to fractional crystalli- 
zation. Two salts were obtained melting at 168*^ and 151^ which, 
when converted into the chloroplatinates, showed a rotation of 
[M]d" + 55^ and ~ 54-3^ in acetone solution. 



( 



C.H.. ,CHa.COOH\ 



CH< 



From both (7-bromocamphorsulphonates mercuric iodide gave the 
same inactive mercuric iodide double salt, and precipitation with 
potassium mercuric iodide also produced racemisation. 

^ Tran$. Orni, 8oCf 1900, 77, 1174. * Proc Chem. 80c., 1902, 18, 198. 
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Opticallj Aotive Tin Compounds. Active tin compouncis were 
obtained by Pope and Peachey,^ by the method of Gahouis and 
Ladenburg, by the following series of reactions : 

2Sn(CH3)3l + Zn(C JEL^)2 - 2Sn(CH3)3C2H5 + Znlg 
Sn(CH3)3C2H5+l2 = Sn(CH3)jC2H5l + CHsI 

Sn(CH3)2(C2HJ(C3H,) + Ia - SnCCHaKCgHsKCaH,)! 

The product is an oil which boils at 270^ With silver d-camphor- 
sulphonate it yields the corresponding salt, which, after fractional 
crystallization, melts at 126^ It shows a rotation in dilute solution 
of [M]d = + 95°, which corresponds to a rotation of [M]d « + 46** for 
the radical Sn(CH3)(C2H5){C3H7). 

Potassium iodide precipitates the iodide of the tin compound from 
8 solution of the d-camphorsulphonate as an oil, which shows an 
unaccountable variation in rotatory power, the highest observed 
rotation being [ajo = + 23° in ethereal solution. 

The solutipn of the e{-camphorsulphonate exhibits a remarkable 
phenomenon on evaporation, depositing only the c7-salt and none of 
the {-salt. This is accounted for by the rapid racemisation of the 
2-saIt, in consequence of which the less soluble <f-salt, as it is deposited, 
is accompanied by a further racemisation of ^salt, until the whole 
is converted into dextro-salt. The salt of the d-bromocamphor- 
sulphonate showed a similar behaviour. 

Optically Active Silicon Compounds. In 1904 Kipping, 
using Grignard's reagent, obtained an asymmetric silicon derivative 
Si(CeH5XC2H5(G3ll7)Cl, but failed to resolve it* A second asymmetric 
derivative, phenyl benzyl ethyl propyl silicane, was prepared later.' 
On treatment with strong sulphuric acid it loses the phenyl group in 
the form of benzene and yields the sulphonic acid of benzyl ethyl- 
propyl silicyl oxide, 

C2H5 C2H5 

I I 

SO,H . C,H4 . CH J . Si— 0— Si . CH, . C^H. . SO.H 

I I 

C3H7 O3H7 

which contains two asymmetric silicon atoms. The salts of this add 
with (2-methylhydrindamine was resolved by crystallization into two 
components, the sodium salts of which showed the specific rotatory 
powers of + 3'3° and — 4*5° respectively. 

I Proc Chem, Soc,, 1900, 16, 42, 116. * Proe, Chem. Soc., 1904,20, 16. 

s Trans, Chem. Soc, 1907, 01, 209. 
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The above compound was afterwards more easily obtained by the 
action of water on benzyl ethyl propyl silicon chloride, which gives 
the corresponding silicol, and this, on treatment with sulphuric acid, 
forms the above sulphonio acid of the oxide. The sodium salts of 
this product after resolution showed rotations of + 5*8 and — 5-9.^ 

The sulphobenzyl ethyl isobutyl silicon oxide was afterwards 
prepared in the same way,^ and after resolution the sodium salts 
showed specific rotations of + 10-5^. Finally the monosulphonic 
acid of dibenzyl ethyl propyl silicane has been prepared by sulphona- 
tion and resolved by means of brucine. Although the rotations are 
small ([a]D = 1^), there was good evidence that resolution had been 
effected.' Attempts to resolve other asymmetric silicane sulphonio 
acids were unsuccessful, partly, no doubt, owing to their feeble 
activity and rapid racemisation.* 



Optioally Active Fhosphoms Compounds. Kipping and Luff ° 
prepared an asymmetric phosphorus compound in the form of phenyl 
p-tolyl phosphoric acid, and although it was found impossible to 
resolve it into its enantiomorphs, a very clear indication was given 
of their existence. It was found by combining the acid chloride with 
d-methylhydrindamine that the resulting amide 

O : P^OCgH^ . CHs 
\NH . C^H^ 

was a mixture, and by fractional crystallization yielded two isomeric 
substances, one of which melted at 127° and had [a]i> - 174°, and the 
other melted at 82-86° and had [a]i> - 21-2. A similar result was 
obtained with Z-menthylamide. The Z-menthylamide of phenyl- 
)8-naphthyl hydrogen phosphate was separated in the same way, 
giving two isomers of different melting-points and different specific 
rotations/ 

In the meantime Meisenheimer and Lichtenstadt had prepared 
phenyl methyl ethyl phosphoric oxide, 

CHjN. CH3V .OH 

CjHfi^P : CiUfAF<( (X = acid radical) 

CeH,/ CeHs^ ^X 
Oxide. Salt. 



1 Trans. Chem. Soc., 1908, 93, 465. * Trans, Cksm. Soc, 1908, 98, 2004, 2090. 

' 3Van«. Chsm. 8oc.. 1910, 97, 149, 765. 

* Trans. Chsm. 8oc.y 1907, 91, 717 ; 1909, 95, 69. 
B Trans. Cksm. Soc., 1909, 96, 1993. 

* Kipping and Challenger, 2VafM. Oism, Soe., 1911, 99, 626. 



812 STEREOCHEMISTRY OF OTHER ELEMENTS 

from which the deztro-enantiomorph was separated by crystalliziii^ 
the salt of (l-bromo-camphorsulphonic acid from ethyl acetate solution. 
It melts at 94-95°, and in aqueous solution gives [ajn + 674^ By 
passing dry ammonia into the benzene solution the ox:^e was separ- 
ated and showed a rotation of [qJd + 23*1° in water and + 33*8° in 
benzene.^ 

Attempts to prepare active arsenic compounds have so far been 
unsuccessful lodonium compounds of the formula 



>- 



have also refused to separate into active components, from which it 
is concluded that the three bonds, like those of tervalent nitrogen, 
lie in one plane with the iodine atom.^ 
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CHAPTEE VI 

ISOMEBIG GHANQE 

Although our views on isomerism have of late years receiyed 
a much wider interpretation than formerly owing to the recognition 
of the space arrangement of atoms, experience has taught us that 
among some classes of compounds structural isomerism is subject to 
certain limitations which were not foreseen by the original theory. 

For example, attempts to prepare propylene alcohol from )9-bromo- 
propylene by the usual methods alwa3rs result in the production of 
acetone : 

CH3 . CBr : CH2 -♦ CH3 . C{OH) : CHg -♦ CH3 . CO . CHj 

and in the same way yinyl bromide inyariably yields acetaldehyde 
instead of the isomeric alcohol : ^ 

CH, : CHBr -> CH, : CH(OH) -► CH3 . CHO 

This result appeared so general that Erlenmeyer,' who carefully 
studied the reaction^ concluded that 'all secondary alcohols in 
which two bonds of the radical are saturated by two bonds of 
a cai'bon atom are transformed at the moment of their formation 
into the aldehyde, &c.' 

The change may be represented by the transference of a hydrogen 
atom from the oxygen to the carbon : 

C CH 

II \ -> I 
C.OH 0:0 

The same idea was utilized by Baeyer to explain the non-existence 
of the second isomer of isatin." Baeyer obtained two alkyl isatins, 
one of which gave potassium isatin on hydrolysis (alcohol being 
at the same time removed), and the other the potassium salt of 
ethylaminophenylglyoxalic acid. They were termed respectively 

» AwuOm, 1878, 192, 119. • Bar., 1880, 13, 809. 

' Bar., 1882, 1ft, 2098 ; 1888, 16, 2198 ; see also Pummerer, B§r., 1911, 44, 88a 
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etiiyl isatin and ethyl pseudoisatin, and were distinguished as the 
'wrmai or lactim form and the pseudo or lactam form : 



00 



0«H4< yC.OOjH, 



C,H«<Q>CO 



NCA 

Ethyl iiatin (laetim). Bthyl psendoiaatin (Uetoin). 

There is, however, only one isatin, to which Baeyer itomewhat 
arbitrarily assigned the formula : 

The non-existence of the second or pseudo form j^ 

was accounted for by the wandering of the hydro- CJB,^^^^. OH 
gen atom from the nitrogen to the more stable N 

position beside the oxygen atom. 

Similar observations were made in the case of other nitrogen ring 
structures, such as oxindole,' hydroxy-nicotinic acid,* 7-hydroxy- 
quinaldine,' and carbostyriL* 

Tantomerlsm. In a paper 'Ueber die M($glichkeit mehrerer 
Strukturformeln fOr dieselbe chemische Yerbindung' Laar^ drew 
attention to the phenomenon of one substance doing duty for two 
structural isomers and proposed for it the name tautomerism (ravro, 
the same ; /upos, a part)/ 

He refers to the case of isatin ; to the identity of two substances 
which might be expected to possess different formulae, one of which 
is formed by the action of diazobenzene chloride on a-naphthol and 
the other by that of phenylhydrazine on a-naphthaquinone ; 

OH ? 



/\/\ 



W 



/%/\ 



N = N.CeH5 




N.NH.CeHj 



also to the twofold character of nitrosophenol or quinoneoxime, which 
on the one hand behaves like a phenol and gives nitrophenol and 

I Baeyer and Comstock, Ber„ 1888, 16, 1704, 2188. 

* T. Peohmann, B«r., 1884, 17, 2887. 

* Knorr and Antrick, B«r., 1884, 17, 2878. 

« FriedlAnder and Weinberg, Ber., 1886, 18, 1528. * Ber., 1886, 18, 648. 

* Various other names, such as pteudtmurism^ imrotropinn, dumotropism, fropo- 
meriim, have been applied to the same or a similar phenomenon. 
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aminophenol by oxidation or reduction, and on the other is converted 
by hydroxylamine into a dioxime after the manner of a ketone. 

OH ? 



/\ 



/\ 



N^ N.OH 

He also discusses the structure of acetoacetic ester, which has 
now become the classical example of tautomerism. 

The question as to whether acetoacetic ester should be represented 
by Geuther's formula as ^-hydroxycrotonic ester or by Franldand's 
formula as a ketone has been one of the long-debated problems 
of organic chemistry. 

CHr . C(OH) : CH . COOCgHg CHs . CO . CHg . COOC2H5 

Geuther's formula. Frankland*8 formula. 

The evidence, which is derived from its chemical behaviour, will 
be seen to be very conflicting. The facts adduced in favoiur of 
Frankland's formula are as folloivs : 

Acetoacetic ester with its alkyl derivatives is decomposed by dilute 
alkalis into acetone or its homologues ; nitrous acid converts it into 
isonitroso acetone ; it gives the usual reactions for ketones, forming 
hydroxybutyric acid on reduction and yielding additive compounds 
with hydrogen cyanide and sodium bisulphite. 

Moreover, it combines with hydroxylamine to form /9-oximino- 
butyric ester, and with phenylhydrazine to form a hydrazone, both 
of which lose alcohol and pass into their respective anhydrides^ 
methyl oxazolone and phenylmethyl pyrazolone. 

CHj. C.CHg.CO CH3. C. CHg. CO 



II I II 
N N N . CeHg 

Methyl oxazolone. Phenylmethyl pyrazolone. 

By the action of iodine on the sodium compound diacetosuccinio 
ester is formed, although it has since been shown that this is not 
the only product of the reaction (p. 838). 

CH3 . 00 . CH . COOC2H5 



CH3 . CO . CH . COOC2H5 
Diacetosucoinie eeter. 

Again, acetic anhydride yields so small a quantity of an acetyl 
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deriyative that the presence of a hydroxyl group seems very im- 
probable, whereas acetyl chloride acting upon the sodium compound 
of the ester gives mainly diacetoacetic ester. Finally, Claisen has 
shown that the behaviour of acetoacetic ester is different from that 
of certain unsaturated alcohols of the type of Gfeuther's formula 
which readily react with acetic anhydride, &c. (p. 831). 
. One fact which is strongly in favour of Geuther's formula is the 
acidic character of the ester, which enables it to form a sodium 
salt, a well-defined and crystalline copper salt and a violet coloured 
ferric sali Although it is true that acetylene forms metallic deriva- 
tives in which the metal is associated with carbon, it is not very 
probable that this will occur when the much more electronegative 
oxygen is available for salt formation. Again, the action of chloro- 
formic ester on the sodium compound, instead of yielding wholly acetyl 
malonic ester, gives mainly a carbonic ester of the formula ^ : 

CH3 . C(0 . COOR) : CH . COOC.2H5 

and although, as previously stated, acetyl chloride acting on the 
sodium compound gives diacetoacetic ester, if the acid chloride and 
the ester react in presence of pyridine, the acetyl derivative of 
hydroxycrotonic ester is formed.' Furthermore, ammonia and amines 
yield amino and alkylamino crotonic esters of the general formula : 

CHa . C(NRa) : CH . COOC2H5 

The union of acetoacetic ester with other organic compounds in 
which water is eliminated is often more simply represented by the 
hydroxyl than the ketone formula, as, for example, the formation 
of methyl'Coumarin from phenol' : 



/\) 



H 



\y :H + HOiC : CH . COOCgHg 

CHs 




\/ 



— C:CH.CO 



-I- H2O + C^H,OH 



CH 



3 



1 Hiobael, J. prakt Chsm., 188S (2\ 87, 473 ; 1891, 45, 580 ; 1892, 46, 189. 

* Claisen, Ber,, 1888, 81, 8897, 8667 ; 1892, 26, 1760 ; Chuaen and Haftse, Bv., 
1900, 88, 1242, 8778. 

* V. Peohmann and Duisberg, Bm-., 1888, 16, 2119. 



TAUTOMEKISM 817 

Although the alkyl groupsy which are introduoed by the action 
of alkyl iodides and acetyl chloride on the sodium compound of 
aoetoacetic ester, attach themselves to the carbon of the methylene 
group, the reaction does not necessarily imply a ketonic structure 
of the sodium compound, for, as Michael has suggested, it may be 
represented equally well by the folloMring scheme,^ in which an 
additive compound with the alkyl iodide is first formed and is 
succeeded by the separation of sodium iodide : 

CH3 . C(ONa) : OH . COOCaH^ + CHjI 

ONa 

I 
- CH3 . CH . COOCjHg = CHa . CO . OHCOHa) . OOOCgHg + Nal 

I OHa 

Another and more probable explanation is that proposed by Olayton, 
in which the oxygen attaches the iodine by its residual valency. 

CH3 . 0-CH . OOOOgHfi - OH3 . 00 . CH(0H3) . OOOOgHg + Nal 



O CH« 

Na ^ 

These are some of the arguments which have been advanced in 
support of the two formulaa 

The question has been finally set at rest by the separation of the 
two isomeric compounds and by a careful examination of their 
chemical and physical properties. Knorr ' has succeeded in freezing 
out the pure keto form of acetoacetic ester by cooling a concentrated 
solution of the liquid in different solvents to - 78^. The keto form 
separates in crystals which melt at -89^ and give no coloration 
with ferric chloride. To obtain the enol form the sodium compound 
is treated with dry hydrogen chloride at - 78^ It solidifies in 
liquid air to a glassy mass, and gives an intense ferric chloride 
reaction. Both substances, at the ordinary temperature, form the 
same equilibrium mixture, which, from the difference in refractive 
indices of the two components, has been estimated as containing 
2 per cent of the enol form and 98 per cent of the keto form. 
Other tautomeric compounds, such as benzoylacetic ester, have been 
isolated in the same way ; but in the case of the methyl ester it is 
the crystalline enolic form which separates. 

> Michael, J. j^akL Chem., 1888, 87» 487 ; 1898, 46, 205 ; 1899, 60, 816 ; Ber,, 
1906, 38, 8217 ; see aUo Nef, AnncOen^ 1891, 266, 59, and Paal, Ber., 1906, 89, 
1486. 

* ^., 1911. 44, 1147. 
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Since Laar drew attention to the subject in 1886 caaes of tauto- 
merism have rapidly multiplied. Before discussing the later develop- 
ment of the subjecfc a short account will be given of a few of the 
principal types of tautomeric compounds, that is to say, compounds 
which possess a double function, but are commonly represented by 
only one substance. 

If we examine the examples of tautomerism which have been 
given, we shall find that the structure of the compounds is such 
that it allows of the formation of isomers by the transference of 
a hydrogen atom from one polyvalent element to another, accom- 
panied by a corresponding change in the linkages. This structure 
depends, therefore, on the presence of certain groups. 

A convenient plan of classifying the greater number of tautomeric 
compounds has been proposed by Laar, who divides them into c^ads, 
consisting of two polyvalent elements linked together, from one to 
the other of which the hydrogen atom may be supposed to travel ; 
triadSf in which the original two polyvalent elements are separated 
by a third (which is of necessity at least tervalent), so that the 
hydrogen has now to travel from the first to the third element in 
the chain, and so forth. 

Dyacbi. Hydrogen cyanide may be taken as representative of 

a dyad group and its structure denoted by one of the following 

formulae : 

NiC.H or C:N.H or CjN.H 

For whilst only one hydrogen cyanide is known, there are two series 
of alkyl derivatives, the cyanides or nitriles and the isocyanides or 
oarbamines. The sulphinic acids or sulphones are also dyads, for 
the one substance forms two series of compounds ^ derived from the 
two forms : 

0:S.OH HS/ 

I I >) 

Hethyl-pyrazole, described on p. 827, may also be included in the 
class of dyads, for the one compound gives rise to two N-phenyl 
derivatives, and must be represented by the formulae * : 

HC — q.CH, C=C.CH, 

HcL JnH 
NH N 

Hethyl-pyraxole. 
^ Otto and ROning, £«r., 1892, 35, 280. ' Knorr, AnnaUn, 1894, 379, 192. 
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Triad*. The following are the common types of triad grouping, 
in which the central atom of the triad is carbon or nitrogen and the 
end atoms carbon, nitrogen, oxygen, or sulphur. These types furnish 
the most numerous and familiar examples of tautomerism. The 
symbols X and Y stand for radicals and (S) for sulphur. 



XO— C— CY 

\H/ 
C5— C— 0(8) 

\H/ 
0— C— N 

\H/ 



N— C— 0(8) 

\H/ 
XN— C— NY 

\H/ 
C— N— 0(8) 



N— N— 

\H/ 

N— N— C 

\H/ 

XN— N-NY 



Only the more important examples of the above types will be 
described. 

Unsaturated Kjrdrocarbon T^e. The type may be foimulated 

thus: 

XC:C.CHY XHC.C:CY 

111 III 

This form of change is not, as a rule, included among examples of 
tautomerism for the reason that both isomeric foi-ms are usually 
stable substances and can be easily isolated, whereas the original 
conception of tautomerism was associated with one substance forming 
two derivatives. The interconversion of the isodibutylenes described 
by Butlerow^ and discussed on p. 852 is one example of this 
change. 

(CH3)2C:CH.C(CH3)3 J± CH, : qCH^) . CHa . qCHJa 

The conversion in hot alkaline solution of ^y unsaturated acids 
into a^ unsaturated acids observed by Fittig ' and others furnishes 
another example. 

RCH:CH.CHj.COOH -► ECHa-CHtCH. COOH 

Other cases of the same kind are the conversion of fi- into a-phenyl- 
propylene, of eugenol into isoeugenol, of dihydrocarvone into carve- 



none, &c. 



CH 



^Phenylpropylene. 

HOA 

olJoHa.CH:CHa 
EugenoL 



8 



CgHgCH : CH . CH3 

a-Piienylpropylene. 

H0/\ 
CHaOl JcHrCH.CH. 



^i 



laoeugeuoL 



1 AnnaUn, 1877, 189, 76. 

s JB0r., 1891, 34, 82 ; 1894, 27, 2677 ; jlnnakn, 1894, 283, 129 ; 1896, 290, 1. 
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CH.CH3 CH.CH3 

h.q/'\co HjC/^CO 



2 



Hj(a. JCH2 HjCX ^CH 

CH C 

I I 

CII2 "= C • 0x13 CI13 • G A • CII3 

Dihydrocarvone. Canrenone. 

Also certain acetylene derivatiyes 3nield allene derivatives when 
heated with alcoholic potash.^ 

R.CHa.CiCH -> RCH=C=CHj 

The ahove changes, which for convenience may be described as 
tautomeric, have in certain cases been shown to be reversible," and 
are usually ascribed to the intervention of water which is alternately 
added and removed (p. 852). 

XC:C.CHY + H«0 i± XCH . C(OH) . CH Y 

III III 

^ XCH.CiOY + HgO 

I i I 

It should be recognized that this type may furnish cases of real 
tautomerism like benzene, as formulated by Kekuld, which yields 
only one instead of two ortho di-derivatives, or the glutaconic acid 
of Thorpe,' the a and y methyl derivatives of which are not isomeric 
but identical (Part I, p. 78). 

Keto-Enol Typ^- This type includes acetoacetic ester and most 
of the more carefully studied examples of tautomerism. The two 
forms may be represented by the general scheme : 

O = C— CH< HO— C = C< 

i I 

Keto form. Enol form. 

In accordance with a suggestion of BrUhl the one is called the 
keto form and the other the enol form. The number of examples of 
this type is very large and embraces the 1.3 dike tones like acetyl- 
acetone GH3 . GO . GHj . GO . GH3, the p aldehydic and ketonic esters, 
like formyl and acetoacetic ester, and substances like malonic and 
cyanacetic ester,* the sodium salts of which ai*e probably represented 
by the formulae : 

RO . CO . GH : C(OR)ONa ON . CH : G(OR)ONa 

It also includes numerous cyclic compounds like phloroglucinol,* 

^ Jegorowa, Joum. nus, phya,'chem. Oes., 1912, 48, 1116. 

« Annaleny 1894, 283, 47. » TVmu, Cimn. Soc., 1906, 87, 1069. 

• Thorpe, Tram, Chem. Soc,, 1900, 77, 923. 

• Baeyer, B^r., 1885, 18, 3454 ; 1891, 24, 2687. 
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dihydroresorcinoly^ succino-succinic eBter,' phenanihrone,' and cam- 
phor/ which function both as phenols and ketones. 

Thus* phlorogludnol 3rields a trioxime and dihydroresorcinol a 
diozime : 

H0N:C/\C:N0H H.(y^C:NOH 



H» 



(X JCHg H2OV JC 



;h 



3 



C:NOH C:NOH 

Phloroglucinol-trioxime. Dihydroresoroinol-dioxime. 

Phenanthrone and camphor form derivatives of both the ketonic 
and enolic type : 

GqMa . GxlR ^6^4  GM 

I I I II 

C,H4 . CO CeH^ . COR 



c,H„<; I 



Phenanthrone. 

CHR >CH 

CO \C0R 



Camphor. 

C7Mdd««Zmid« T^a. Examples of the third type on the list 
(p. 819) are not numerous : 

>CH— C = N >C = C— NH 

I I I 

but E. von Meyer's' diacetonitrile which exists in two modifications 
may, if it is not a case of geometrical isomerism, represent one : 

CHj.CN CH.CN 

I Jl 

C:NH C.NHg 



CH3 CHj 

and cyanocamphor and cyanoform' others : 

.CH.C:N .C:C:NH 

\C0 M30 

Cyanocamphor. 

(CN)2CH.0;N (CN)j.C:C:NH 

Cyanoform. 
Here again both isomers are known and the change from one to the 
other is reversible. 

1 Merling, AnwOm, 1898, 278, 20. * Baeyer, £«r., 1889, 22, 2168. 

* Japp and Findlay, TVans. CA«tn. Soc,^ 1897, 71, 1115. 

4 Forster, Trans. CAm. Soc, 1901, 79, 987. > J. pniA, Cktm,^ 1896, 62, 83. 

• Hantzseh and Osswald, Btr.^ 1899, 82, 641. 

PT. n y 
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Amide-Imidol Typ^ Substances like isatin also belong to the 
triads, of which the two structures may be denoted by the general 
formulae : 

= C-NH HO-C = N 

II .11 

They are usually distinguished as amide and imidol or normal 
and pseudo forms, or in the case of cyclic structures as lactam and 
lactim forms. The earliest examples of this class are isatin, indoxyl, 
and oxindol, which form stable derivatives of both types, but in the 
free state are represented by only one substance. The simple amides 
have similar properties. They have been studied by Tafel and 
Enoch, ^ Comstock,* and Claisen.' For example, the silver salts of 
formanilide and benzamide when treated with ethyl iodide yield 
ethyl derivatives which are isomeric with the compounds obtained 
in a similar manner from the sodium salts. 

As the latter yield the ethyl derivative of the amine on hydrolysis 
they will possess the amide structure, those from the silver salt the 
imidol structure. 

From the sodium salt. From the silver salt. 



CeHfiCCOCjHfi) : NH 
C^HsN : CHCOCjHg) 



Ethyl benzamide . . CeHgCO . NHC^Hg 
Ethyl formanilide . CeHgNCC^Hs) . CHO 

It would be natural to conclude that in the sodium salts the metal is 
attached to nitrogen, and in the silver salts to oxygen ; but if alkyl 
substitution takes place by addition of alkyl iodide, as Michael 
suggested in the case of acetoacetic ester (p. 817), it is not necessarily 
the case. The observations of Lander * on the simultaneous produc- 
tion of both alkyl derivatives by the action of alkyl iodide on the 
silver compound, or by the combined action of alkyl iodide and silver 
oxide, make it probable that both silver compounds are present 
(p. 365).» 

There are numerous cyclic compounds which exhibit a similar 
behaviour to the amides. Familiar examples are cyanuric acid and 
hydroxycafifeine, which exist as single substances, but yield two aeries 
of isomeric esters derived from the following structural forms : 

N NH 

HO . Cj^C . OH OC^CO 

J^Jn hJ^. 

C.OH CO 

Cjannrio acid. 



NH 



1 Ber.f 1890, 23, 1550. « Atner, Chem. J., 1892, 13, 614. 

' Annalen, 1896, 287, 861. * Trans, Oum. Soc., 1903, 83, 418. 

» Titherley, Trans. Ckem, Soc,, 1897, 71, 408; 1901, 79, 407. 
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CH,N — C- 



>C.OH 

•N 



CH3N — CO CHoN — CO 

II II 

CO C— NCH, CO C— NCHg 

I II >co 

CH3N — C— NH 

Hydroxyeaffeine. 

Examples might be multiplied.^ To the same type also belong 
the a- and y-hydrozy deriyatives of pyridine, which react both as 
hydroiypyridines and pyridones, and form two series of alkyl 
derivatiyes. 



too 



C.OH 



NH N 

a-Hydrozypyridine or a-Pyridone. 

CO C.OH 

/\ /\ 

\/ \/ 

MI N 

7-Hydroxypyridine or 7-Pyridone. 

Thioamide-Thioimidol T7P6. The thioamides, both in open 
chain and cyclic structures, commonly exhibit tautomerism like the 
amides,' and in some cases both isomeric forms are known.' 

S - C— NH HS— C = N 

r I II 

Thioauiide. Thioimidol. 

Ozima-Pflendoziiiia Type. Many oximes are known in two 

stereoisomeric forms (p. 280); but in addition they occasionally 

exhibit tautomerism. Thus, benzaldoxime forms alkyl derivatives 

derived from different structural formulae : 

CeHfiCH-NH 

CeHfiCH : N . OH \/ 

O 

Pseudozime. 

the two being distiiiguished as oxime and pseudoxime ethers, and 
the same has been observed in the case of many other aldoximes.^ 
Tautomerism has also been observed among nitroso compounds, 
which are sometimes interconvertible with aldoximes.^ 

>CH.NO >C = N.OH 

1 Marckwald, Ber., 1892, 26, 2864 ; Dizon, Trana. Chem. Soc., 1899, 75,.*)75. 
1 Marokwald, Ber.y 1896, 29, 2920. ' Hugershoff, Ber., 1899, 82, 3049. 

« Seheiber, AnncUen, 1909, 365, 215. 

• Schmidt, Ber., 1902, 36, 2828, 2336, 3727 ; Pilotz and Steinbock, Ber.^ 1902, 
35, 3114 ; Bamberger and Pemsel, Ber., 1903, 36, 57, 85. 

Y 2 



Oxime. 
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nritro-Pseudonitro Ttp^- Tautomerism is represented by the 

forms: 

0/0 




or / \ or 

>CH-N = >C^^ — N— OH >C = N- Oil 

Hantzsch and Schultze^ found that the ordinary liquid phenyl- 
nitromethane dissolves in a solution of sodium hydroxide. From 
this solution acids precipitate in the cold a solid isomer, which gives 
a reddish-brown coloration with ferric chloride, combines with phenyl 
carbimide, dissolves in sodium carbonate, and in the free state 
changes spontaneously into the liquid modification, which exhibits 
none of the foregoing reactions. The two isomers are represented 
by the following formulae : 

CeHgCHj . NOjj C^H^CH : NO . OH 

Normal phenylnitromethane. Isophenylnitromethane. 

Similar results have been obtained with other nitro compounds.* 

As the one is a strong acid and the other a neutral compound they 
may be distinguished by the difference in electrical conductivity 
(see p. 846). 

ntroiamine-Diaio Type. The geometrical isomerism exhibited 
by the diazo-compounds has already been discussed (p. 296), but in 
addition the isomers are capable of undergoing tautomeric change 
of the triad type : 

— N = N— OH HN— N = 

Schraube and Schmidt,' for example, showed that the stable sodium 
salt of p-nitrodiazobenzene and methyl iodide gives nitrophenylmethyl 
nitrosamine, whereas von Pechmann,* by using the silver salt, 
obtained the isomeric nitrodiazobenzene methyl ether. 

(NOjJCeH^N : NOCH3 (N02)C6H4N(CH3) . NO 

Nitrodiazobenzene methyl ether. Nitrophenyl methyl nitrosamine. 
The case rasembles very closely that of the two series of alkyl anilides 
(p. 822). 

Aio-Sydraiona Typo- This is another example of a triad type 
of tautomeric compound, and may be represented as possessing either 
a hydrazone or azo structure. 

>C = N— NH >CH— N = N- 

I 

Hydrazone. Azo-oompound. 

1 Bw., 1896, 20, 699, 2251. 

< Holleman, lUc. Trav, chim. Pays-Bas, 1895, 14, 129 ; 16, 866 ; 16, 162 ; 88, 2918; 
Konowaloff, Ber,, 1896, 29, 2198 ; Hantzach, £«r.. 1899, 32, 607 ; 1900, 83, 2&i2. 
» Ber., 1894, 27, 618. * Ber., 1894, 27, 672. 
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Reference has already been made to the fact that diazobenzene 
chloride and a-naphthol give the same product as that obtained 
by the action of phenylhydrazine on a-naphthaquinone (p. 814). 
R. Meyer ^ has shown that the compound obtained by combining 
diazobenzene chloride with malonic ester and then hydrolysing the 
product is the same as that which is formed by the action of phenyl- 
hydrazine on mesoxalic acid, and it may therefore be formulated 
either as a hydrazone or azo-compound. 

CeHgNH . N : C(C00H)2 C^^s . N : N . CH . (COOH)^ 

Hydrazone. Azo-compound. 

Whichever formula is selected, one reaction must involve a tautomeric 
change. The choice of the formula has been the subject of much 
discussion, but the weight of evidence seems to be on the side of the 
hydrazone structure.* That the non-appearance of the second form 
is due to its instability seems probable from Fischer's observation ' 
that azophenylethyl C^HgN : N • G2H5, which is prepared by the oxida- 
tion of symmetrical phenylethylhydrazine C0H5NH . NHG2H5 with 
mercuric oxide, is readily converted into the isomeric acetaldehyde 
phenylhydrazone by the action of mineral acids, and also, as Bam- 
berger' showed, by sodium ethoxide. The -reverse change is pro- 
duced by light.^ 

A tautomeric change of a somewhat different type has been studied 
by Baeyer,^ who brings evidence to show that the product of the 
action of phenylhydrazine on phloroglucinol and similar compounds 
is not a hydrazone of the keto form, but a hydrazide, and that tauto- 
meric change is brought about by the wandering of a hydrogen atom 
from a carbon of the benzene nucleus to the nitrogen of the hydrazone 
radical, which he explains in the following way : 

CH2 CH 

: c/\g : N . NH . C^U, (HO)c/'^|C . NH . NH . CfiH^ 

Y 

II 

N . NHGcHj 



1 Ber., 1888, 21, 118 ; 1891, 24, 1241. 

* Japp and Klingemann, AnruUenj 1888, 247, 190 ; Freer, Amer. Oum. J., 1899, 
21, 14 ; Thiele and Heuaer, AnneUen, 1896, 290, 1 ; Bfilow and Ganghofer, Ber., 
1904, 37, 4169. 

3 Annakn, 1879, 199, 328 ; Ber., 1896, 29, 798. 

* Ber,, 1908, 36, 56. > Chattaway, Proc, Chtm. 5oc., 1906, 22, 86. 

* Ber., 1891, 24, 268a 
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A similar case is that of the hydrazone of camphor quinone, which 
has been obtained by Betti ^ in both isomeric forms. 



CsHi/ll 



C. N :N. CfiH^ ^C :N. NH. CeHj 






C.OH \C0 

Amidina Type. In this type of tautomeric compound the hy- 
drogen is transferred from one nitrogen atom to another. 

XNH— C = NY XN = C— NHY 

I I 

The simplest example is cyanamide, which has properties correspond- 
ing to both the formulae NH^ . C i N and NH : C : NH. 

Other examples are the . amidines. By combining benzanilido- 
iminochloride with p-toluidine, yon Pechmann* obtained the same 
product as that from benz^-toluidiminochloride and aniline, instead 
of two different compounds of the foimulae : 



'6"5 



.NH.C7H, ^N.C^H, 



C«H. . C^ C«H 



^N.CH. N 



Although the same phenyl-^p-tolylbenzamidine is produced in the 
two reactions, it nevertheless gives rise to two different ethyl deriva- 
tives of the formulae : 

>^N.CcH, .N(C,H,)CeH5 

GcH.C^ CoH/ 

^NCCjHsAHt ^NC;H, 

which von Pechmann identified by comparing them with the com- 
pounds obtained from the corresponding iminochlorides by the action 
of ethylaniline in one case and ethyl-p-toluidine in the other. In 
other cases only one alkyl derivative was obtained ; methylnaphthyl- 
benzamidine yields only one methyl derivative, from which von 
Pechmann concluded that tautomerism occurs only if the radicals 
are similar in character. 

Other examples of the same kind are the formazyl derivatives of 
von Pechmann' and Wallach * of the general formula : 

<N.NHrJ /N:NRi 

. HC/ 
N : NR2 ^N . NHR2 

and the guanidine compounds of Forster,' Marckwald and Wolff,* 

1 Btr„ 1899, 32, 1995 ; see albo Lapworth, Ti<Ui», Chem. Soc., 1902, 81, 1508. 
^ Ber.j 1895, 28, 869, 2362 ; h&o also Cohen and Marshall, Trans. Chnn. Soc, 
1910, 97, 828. 
» Ber., 1894, 27, 1679. ■• Annalen, 1882, 214, 209 ; Ber.j 1883, 16, 147. 

» Annalen, 1875, 175, 85. « Ber., 1892, 25,8116. 
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and Huhn,' which are represented in each case by only one substance : 

NB« 



CjHjNH.CC . C,H.NH.C< 

\NHB« \ 



Yery similar in character also are the nitroso-aldehydrazones of 
Bamberger and Pemsel,* which are yery unstable^ and pass sponta- 
neously into the isomeric azoaldozimes. 

/NO ^N.OH 

B.CC B.Cf 

^N.NH.CjH, \N:N.C,H, 

Nerertheless, in a £bw cases, both isomeric forms have been isolated 

IKaMMunino Vjpt. Tautomerism is exhibited by diazoamino 
compounds, which contain the triad group. 

XHN— N - NT XN - N— NHY 

When diazobenzene chloride acts upon toluidine a different product 
would be anticipated from that produced by the action of diazotoluene 
chloride upon aniline. 

C^H^NH . N : N . ©.H, C^K,^ : N . NHC,H, 

BenzenediAzoaminotoluene. ToluenedUkzoamiiiobenzezie. 

Meldola and Streatfeild ' have proved that the compounds obtained 
in this way are not isomeric but identical 

Virtnal and FnnetioiuJ Tantomerimi. Where tautomerism is 
expressed by two structural forms denoting similar chemical pro- 
perties, such as the amidine, formazyl, guanidine, and diazoamino 
types just described, von Pechmann employs the term virtual to 
distinguish it from Junctional tautomerism, in which the structure 
of the tautomeric forms expresses a difference of function, such as 
the tautomerism of the keto and enol, amide and imidol, nitroso 
and oxime compounds, and in fact the great majority of tautomeric 
compounds. 

Tautomerism of Keterooyclio <?ompoimdfl. The identity of 
the methyl pyrazoles obtained by Knorr ^ from 1-phenyl 8-methyl- 

> Ber., 1886, le, 2404. • Ber., 1908, 80, 85. 

* TranM. (9km. Soc., 1887, 61, 102, 484 ; 1888, 68, C64 ; 1889, 66, 412 ; 1890, 67, 
785. 

* AnnaUn, 1894, 279, 188. 
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and l-phenyl 6-methyl-pyrazole, by ramoying the phenyl grouj^ u 
a very intereating example of tautomerism. 



N.C,H, 

hc/Nn 



Hd 



C« CS3 



l-phenyl S-methyl-pyrazole. 



(m,.c/\N 

Hol — UcH 

l-phenyl 6-methyl-pynzole. 



The removal of the phenyl group would be expected to 3rield 
two structural isomers. 



NH 
HC/^N 

HoJ — lic.CH, 



NH 
(3H3.c/Nn 

Hol — lIcH 



The existence of one substance can only be explained by the 
wandering of a hydrogen atom from one nitrogen atom to a more 
stable position beside the adjoining nitrogen atom, or, as Elnorr has 
suggested, by the oscillation of the hydrogen atom between the two 
positions, which is practically synonymous with a mixture of the 
vwo forms. This view is supported by the fact that a mixture of 
two dimethyl pyrazoles is formed on methylation. The case is 
exactly parallel to the formation of two ethyl deriyatives of phenyl- 
tolylbenzamidine (p. 326). 

How complex cyclic tautomerism may become is seen from 
another case in which Knorr ^ obtained three methyl deriyatives of 
phenyl methyl pyrazolone. They are regarded as deriyatives of the 
following tautomeric forms : 



N.CeH^ 



LJ'l 



3 



N.CgH, 
H 
CH, 



a.KJg 



N.C,Hj 



HO 



CH3 



Quinone Type. A typical example is the compound nitroao- 
phenol already referred to, which is obtained both by the action 
of nitrous acid on phenol and of hydroxylamine on quinone,* and 
may therefore be represented by two structural formulae: 



> B$r.f 1896, 28/ 70S. Sm also Fischer and Rigand, Ber,^ 1901, 84, 4202; 
Thiele and Biiohner, Annalen, 1906, 347, 25S. 
' Uoldochmidi, £er., 1884, 17, 218. 
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OH 




I 

/\ 



NO II 

N.OH 

Nitrosophenol or Qainoneoxime. 

It is customary to adopt the second of the two formulae, since 
the compound yields alkyl and acyl derivatives of the oxime type 
and a dioxime with hydrozylamine. Moreover, the green or blue 
colour, which is characteristic of true nitroso compounds, is absent 
in the solid which is brown, although it exhibits a green colour in 
certain solvents. 

Both yellow and red modifications of oximes derived from orcinol 
and )9-naphthol ^ have been described, but whether they represent 
the nitroso and oxime structure is uncertain. 

The colour of the azo and other dyes is frequently referred to 
the quinonoid structure, which the hydroxy-azo and amino-azo 
compounds are * supposed to assume by a process of tautomeric 
change. 



HO 



HN 




n.nh/^ 



> 



^=.N.NH<( y 



H,N< ^ ^ N-.N<( y ^ 

The phenomenon of fluorescence is also ascribed to tautomerism 
of a special kind.' (See p. 138). 

Lactone Tjrpe* Lactone tautomerism is applied to cases of 
tautomerism where an interchange of atoms may occur between 
groups in the ortho or, in open chain-compounds, in the y-position. 
laebermann ' found that aldehydophthalic acid assumes the functions 
of a lactone or hydroxyphthalide, 

COOH CO 



VX 



CHO 




CH.OH 



and it is well known that phthalyl chloride and o-sulphobenssoyi* 
dichloride behave in some cases as if both atoms of chlorine were 

1 Henrich,JronateA.,1897,18,142; Kehrmann and Ziinmerli,£<r., 1898,31,2417. 
* Hewitt, Proe. Chem, Soc., 1900, le, 8. 
s Ber., 1896, 29, 176, 2080. 
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attached to the same carbon.* Each compound must therefore be 
represented by two formulae : 

X30C1 ^^ 

c,hZ c,h/>o 

\C0C1 ^ 

Phthaljl ehloride. 

XJOCl J?^« 

c^< c,h/>o 

\so,a ^^ 

Sulphobenzoyl dichloride. 

Dynamio Isomers or DoBmotropie Compounds. It will be seen 
from the foregoing examples of tautomerism that Laar's conoeption 
of one substance representing two structural isomers has not been 
consistently adhered to, for several cases are cited in which both 
isomers anticipated by theory are known. The latter have been 
called dynamic isomers or sometimes desmotropic compounds to dis- 
tinguish them from the single or tautomeric substance. Djoiamio 
isomers differ in no respect from ordinary isomers but in the fiEict 
that they are more or less readily interconvertible. There is little 
doubt that this convertibility or metamorphosis of isomeric substances 
is the idea which Berzelius^ had in mind when he introduced the 
term metamerism, although the example of cyanuric and cyanic 
acid, which he selected to illustrate it, is one, not of isomeric, but 
of polymeric change (p. 162). 

Fresh light has been thrown on the subject of tautomerism by 
the discovery of both structural forms of the familiar and peculiarly 
labile (keto-enol) type of tautomeric compounds. Its immediate 
result has been to demonstrate the futility of the method hitherto 
adopted of attempting to ascertain the structural formula of a tau- 
tomeric compound from that of its derivatives or from the chemical 
behaviour of the compound itself. It has been shown that the 
extreme mobility of one or both of the isomers renders them liable 
to isomeric change, not only in presence of a reagent, but frequently 
by a rise of temperature or the mere action of a solvent. 

It may thus happen that the lower melting isomer may fuse, 
and as the temperature rises may again solidify and remelt when 
the equilibrium temperature is reached. That point will not be, as 

> GraeK B«r., 1883, 16, 860 ; Auger, Ber., 1888, 21, Ref. 610 ; £«r., 1891, 24, 
Ref. 819 ; Remsen, Amar, Chem, J., 1896, 18, 792 ; List and Stein, Ber., 1898, 81, 
1648 ; R. Mever, Ber.f 1895, 28, 1577 ; Purdie and Young. Trans. Chem. Soc, 1910, 
97, 1524 ; Srheiber, AnnaUn, 1912, 389, 121 ; Ott, Annalen, 1912, 392, 245 ; JSrr., 
1912, 45, 2252. * Jahreab,, 1832, 12, 63. 
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Claisen supposed, the true melting-point of the second isomWy but 
the fusion temperature of the equilibrium mixture (p. 844). 

Both Claisen and yon Pechmann had already pointed out the un- 
certainty of chemical reactions as indicatire of structure. They 
adopted a method of comparison whereby they claimed to demon- 
strate by the behaviour of certain hydrozymethylene compounds, 
such as formylacetic ester, formylpropionic ester and hydroxy- 
methylene camphor (Part I, p. 285), that they are true hydroxyl com- 
pounds, partaking partly of the character of alcohols, partly of that 
of acids. As in no case do the substances in question exhibit the 
characteristics of the acetoacetic ester type of compound, they con- 
cluded that the latter has a ketonic and not an enolic structure.^ 

Among the earliest examples of dynamic isomers are acetyldi- 
benzoylmethane, tribenzoylmethane, and mesityloxide-oxalic ester 
discovered by Claisen.' The first tvro compounds were obtained by 
the action of benzoyl chloride on the sodium compounds of 
benzoylacetyl methane CoHgCO . CH2 . COCH3 and dibenzoyl- 
methane CqHaCO . CH.2 . COCgHs, and the third by condensing 
mesityl oxide with oxalic ester in presence of sodium ethoxide. The 
following formulae, which are distinguished as 'enol' and 'keto', 
were assigned to the isomeric forms : 



Acetyldibenzoylmethane 



Tribenzoylmethane 



Mesityloxide-oxalic ester 



Eiiol. 



Keto. 



CCOH) . CH, 

C(— OO.C,H, 

CO.CjHg 
TO. p. 101-102** 

C(OH) . C«Ha 

C-CO.CeH, 

CO . CeH, 
isomerises on melting 

CO.CH:C(CH,), 

I 

CH : C(OH) . COOCHft 
m. p. 21-22* 



CO.CH, 
/ 
HC— GO.GA 

CO . C^Hn 
m.p. 107-110* 

CO . C,H5 

HC— CO.CeHg 

OO.C.H, 
m. p. 222-226" 

CO.CH tCCCH,), 

I 

CH, . CO . COOCjHs 

m. p. 59-60* 



The compound obtained by precipitating acetyldibenzoylmethane 
from its cold solution in sodium carbonate with acetic acid melts at 
101-102°, dissolves in alkalis with a yellow colour, gives a dark red 
coloration with alcoholic ferric chloride, and forms a crystalline 
copper salt. It is known as the a-compound. When heated it melts 
at 80-85°, solidifies again above 90° and melts a second time at 110°. 
This is taken as indicative of a change into the second or )S-form. 

* Wislicenus, 5«r., 1887, 20, 2980 ; Claisen, Ber., 1892, 25, 1776 ; von Pech- 
mann, Ber., 1892, 25, 1040. > AnruUen, 1898, 277, 184 ; 1896, 281, 25. 
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(see p. 844). The new substance is not directly dissolved by sodium 
carbonate, copper acetate produces no immediate precipitate^ and 
the coloration with ferric chloride is only slowly developed. The 
first or a-compound which readily forms metallic salts is assumed to 
contain a hydrozyl group and consequently represents the enol form; 
the second or )3-compound is the keto form. The change of enol to 
keto may also be effected by certain solvents. Ligroin and benzene are 
without action, but when heated with alcohol on the water-bath the 
solution is found to contain about one-third of the keto form ; if 
dilute alcohol is used a still larger proportion is produced. The 
reverse change of keto to enol may be effected by adding alkali, when 
the keto compound passes gradually into solution, and on acidifying 
the well-cooled liquid with acetic acid the enol compound is pre- 
cipitated. Similar observations have been made with tribenzoyi 
methane and mesityloxide-oxalic ester. The non-existence of ketonic 
forms of triacetyl methane CH(COCH3)3 and benzoyldiacetyl methane 
CH(COCH3)2COCqH5 is accounted for by the nature of the acyl 
radicals, for it is found that the presence of three benzoyl radicals, 
as in tribenzoylmethane, renders the ketonic form more stable.' This 
investigation was followed by many others on the same lines. Knorr ' 
found that dibenzoylsuccinic ester, which is obtained by the action 
of iodine on sodium benzoylacetic ester, consists of two isomeric 
substances which could be separated by means of alcohol. As neither 
of them gave a coloration with feme chloride, Knorr concluded that 
they were both ketonic, corresponding to the racemic and meso 
forms of tartaric acid. 



H H 

CeHgCO COOC2H5 CjH,OOG- 

CjjHftOOC COCeH. CeH^CO- 



■COC«H, 



-COOCjH. 



H H 




CeHjCO COOCjH, 

CeHfiCO COOCgHs 

H 

Meso. 

1 Glaisen, Ber., 1892, 25, 1768 ; Annalen, 1898, 277, 206 ; 1902, 821, 87 ; 
alflo Michael, Atmalen, 1908, 863, 24 ; and K. H. Meyer, Bdr., 1912, 45, 2849. 
* Annalen, 1896, 283, 70 ; 1898, 303, 138 ; 1899, 306, 382. 
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But if either of these compounds is dissolved in a solution of sodium 
eihozide, and precipitated in the cold with dilute sulphuric acid, an 
oily product is obtained which gives the ferric chloride reaction, and 
unlike the other isomers dissolves in dilute alkalis. It is represented 
by the enolic formula : 

C0H5 . C(OH) : C . COOC2H5 
CeHj . C(OH) : C . COOC^Hg 

Enolio form of Dibenzoylsuccinic ester. 

On heating it passes into the two solid keto modifications. Similar 
results were obtained with diacetosuccinic ester by Knorr,^ with 
alkylidenediacetoacetic es^er by Rabe ', 

CHj.CO.CH.COOCjn^ 

CHR. 

I 
CH3 . CO . CH . COOC2H5 

with benzylidenediacetylacetone by Schiff,' who claims to have 

CHs.CO.CH.CO.CHg 



CH . CJI, 



CH3.CO.CH.CO.CHj 
obtained no less than six structural or geometrical isomei-s, and by 
others.^ 

A further insight into the mechanism of tautomeric change is 
afforded by W. Wislicenus' discovery of the desmotropic forpis of 
formylphenylacetic ester :'^ 

HCO . CHCCjHj) . COOC2H5 HC{OH) : qCeH^) . COOCjHa 

They are obtained by the condensation of formic ester with phenyl- 
acetic ester in presence of sodium (Part I, p. 226). Both isomers are 
found in the product, and since one is a liquid and the other a solid 
they can be separated by filtration. If precipitated by carbon dioxide 
from alkaline solution the enol form is obtained, if by sulphuric acid 
the keto form is produced. The liquid or a-ester gives the usual 
reactions for the enol form with ferric chloride and copper acetate. 
The solid or )9-ester, which melts at about 7(f, gives no coloration 
with ferric chloride ; and though it forms both sodium and copper 

1 Anndlmf 1896, 288, 86. * Anndlen, 1900, 313, 129 ; Ber., 1899, 32, 84. 

* AnnaUn, 1899, 306, 332 ; 309. 206. 

« Knorr, AnnaUn, 1898, 808, 188 ; Rabe, AnnaUrif 1907, 860, 289; Wislioenua 
and Ruthing, Annalm, 1911, 379, 229. 

• AnwOmy 1896, 291, 147 ; Ber,y 1899, 32, 2837. 
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ooippounds, they are very unstable and pass into the corresponding 
deriyatives of the a-ester. Whilst both esters remain unchanged 
in closed vessels for an indefinite time, exposed to the air the fi^eater 
soon becomes liquid, producing some of the d-form. This change is 
more quickly effected at 70^. On the other hand the a-ester change 
slowly but almost completely into the )3-compound at the ordinary 
temperature on introducing a crystal of the latter substance. 

Perhaps the most interesting result of this investigation is the 
discovery that in certain solutions a condition of equilibrium is 
reached between the two forms which is dependent upon temperature* 
concentration and the nature of the solvent. The equilibrium point 
was ascertained by observing the intensity of the coloration with 
ferric chloride.^ If either d- or jS-ester is dissolved in the same 
solvent, under the same conditions of temperature and concentration, 
the coloration produced by adding an alcoholic solution of ferric 
chloride to the one ester diminishes in intensity, whilst that of the 
other gradually increases until eventually the two solutions appear 
of the same tint.^ The equilibrium point was found to change with 
temperature and concentration. Wislicenus observed further that 
whilst methyl alcohol and water favour the formation of the keto 
form, benzene favours that of the enol form, whereas in ether solution 
both forms are present, and he ascribed the effect, in accordance 
with a previous suggestion of Elnorr, to the ionizing power of the 
solvent. In the present case the more strongly ionizing solvent 
determines the keto formation. A very interesting confirmation of 
Wislicenus' results on the action of the solvent is afforded by the 
observations of BrQhl. He found that the dynamic isomers of 
Claisen's mesityloxide-oxalic ester showed well-marked differences in 
refractive and dispersive power, and was thus able, whilst avoiding 
the disturbing influences which might be introduced by the use of 
a chemical reagent, to follow the changes effected by the solvent. He 
found that chloroform had little action, whilst methyl and ethyl 
alcohol rapidly ketonize the dissolved enol form. Brflhl, like 
Wislicenus, ascribed the change to the ionizing action of the solvent, 
which appeared also to be closely related to its dielectric constant 
Without discussing at present the mechanism of the change, it is 
clear from the examples which have been given that the converti- 
bility of dynamic isomers belongs to a class of reversible reactions 
of a peculiarly sensitive kind. 

Determination of Stmetnrep Chemical Methods. In view of 

1 Annalm, 1896, 291, 178. « See also Stoljbe, Anncden, 1903, 326, 359. 
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the mobility of dynamic forms it may be well to consider to what 
extent chemical methods are ayailable for determining structure. It 
is evident that many reagents are excluded from the simple fact that 
they produce isomeric change, a fact which applies equally to the 
formation of derivatives of the compounds in question. There is 
scarcely one of the reactions, discussed at length on pp. 815, 316, and 
formerly used as evidence in favour of the keto or enol structure 
of acetoacetic ester, which has withstood the test of subsequent 
experience. It is on this account that the action of bases and acids 
is generally excluded, and also the derivatives which are obtained by 
their aid. It has been shown that sodium compounds are mainly 
enolic, and in some cases, as Knorr found, the enolic form may be 
extracted by alkalis ; but it does not always follow that the derivative 
obtained by the use of the sodium compound is a guide to the struc- 
ture of the original substance. Much depends upon the rate of 
change. Where the change is slow it is possible, as in the case of 
phenylaminotriazole carboxylic ester, to estimate the acid form by 
tritation with alkali (p. 840). Acetic anhydride cannot be employed 
to ascertain the presence of hydroxyL Both forms of formylphenyl- 
acetic ester yield the same acetyl derivative. Acid chlorides act 
in the same way. Many ketones are known to yield enolic acyl 
derivatives.^ Phenyl hydrazine and hydroxylamine are also excluded. 
Here again both isomera of formylphenylacetic ester give the same 
hydrazone and oxime.. Among the few reagents which appear to 
have little effect upon the isomers is phenyl carbimide dissolved in 
a non-ionizing solvent. It reacts in the cold with hydroxy- and 
amino-compounds in the following way to form carbamic esters and 
carbamide compounds : 

R . OH + CeHfi . N . CO = RO . CO . NHCeHg 
R.NHg + CeHg.NiCO^R.NH.CO.NHCgHs 

Isatin, for example, forms a carbanilide, and is therefore a lactam 
and not a lactim as Baeyer supposed. 

CO 
CeH4<^\cO 

N . CO . NHCeHg 

Phenyl carbimide combines with phloroglucinol, but not with succino- 
succinic ester, indicating that the former is enolic and the latter 
ketonio. It unites also with the pseudo but not with the normal 
forms of phenyl nitro npiethane and its derivatives. 

1 Michael and Smith, Annalen, 1908, 863, 64. 
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Ozone is another reagent which can occasionally be employed for 
detecting and estimating the enolic form.^ Its action is that described 
in Part I, p. 119, that is, it forms an ozonide with the doubly linked 
carbon atoms of the enol form with subsequent cleavage at that 
point One advantage of the method is that, where there is a choice 
between two enol forms, such, for example, as that presented by 
benzoyl acetone, which may have either of the following formulae, 

CeHfiClOH) = CH . CO . CH3 or CgHsCO . CH = C(OH) . CH3 

the ozone method will differentiate them by the nature of the oxidation 
products. The method also furnishes a means of detecting a dienolie 
structure, which cannot be ascertained with certainty by the optical 
methods of refractivity and magnetic rotation, owing to the inde- 
terminate effect of exaltation. In this way oxalacetic ester has been 
shown to consist of the di-enolic and one monoketonic form. 

The tendency to produce enolisation (from the least to the greatest) 
appears to be in the order : 

— COOCaHj, — COCH3, — CO.CaHg, — CO.COOC2H5. 

An alcoholic solution of ferric chloride can also be used to deter- 
mine the presence of the enolic form, and, as already pointed out, to 
follow the changes taking place between the two d3rnamic isomers. 

Knorr and Schubert ' have utilized the ferric chloride reaction to 
estimate the amount of enol by a colorimetric method, which depends 
on the fact that the greatest colour jptensity is reached when equi- 
molecular proportions of ferric chloride and enol compound are 
present, in accordance with the equation, 

R. OH + FeCla = PeCla. OR + HQ 

in which R . OH stands for the enolic compound. A standard solu- 
tion of the pure enol and ferric chloride is prepared and the solution 
of the desmotropic mixture ascertained by adding the same quantity 
of ferric chloride and comparing the solution in a colorimeter with 
the standard. The amount of enolic constituent of mesityloxide 
oxalic ester in different organic solvents varies from 3 to 4-5 per cent 

The method, however, is open to the objection, which has been 
repeatedly pointed out, that the reagent may act as a catalyst,' and can 
only be employed in those cases where isomeric change is so slow as 
to be controlled and the extent of error ascertained. 

Another chemical method, devised by K. H. Meyer,* depends upon 

1 Scheiber and Herold, Btr,, V3i;&, 46, 1105 ; Aimalm, 19U, 406, 896. 

« Bcr., 1911, 44,2772. 

> Lowry, Trans, Chvn, Soc , 1899, 75, 2S0 ; K. H. Meyer, Ber.^ 1911, 44, 2726. 

« Awnaim, 1911, 880, 212 ; 1913, 398, 49; Btr., 1911, 44,27]8; 1912, 45, 2843. 
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the rapid union of the enolic, but nofc of the ketonic, form with 
bromine. The former is unstable, and is at once decomposed with 
the separation of hydrogen bromide and the formation of the bromo* 
ketone (see Part I, p. 819). 

~C . OH — CBr . OH —CO 

II -^ I -* I 

— CH — CHBr — CHBr 

On adding potassium iodide the bromoketone is reduced, and the 
iodine set free is estimated by titration in the usual way. The 
amount of free iodine gives that of the enol form present. 

—CO —CO 

+ 2HI= I +HBr + l2 



—CHBr — CHa 

A standard solution of bromine in alcohol is introduced in excess 
and )d-naphthol inmiediately added in order to remove the uncombined 
halogen. On the addition of potassium iodide, iodine is liberated and 
estimated as described above. 

Experiments carried out with acetoacetic ester show that about 
7 per cent, of enol is present, a number which agrees with that of 
Auwers determined from the observed and calculated refractivity 
(p. 86) ; but is much higher than that which Knorr calculated 
from the refractive index, of mixtures of the two pure substances 
(about 2 per cent.) obtained by fractional crystallization of acetoacetic 
ester at low temperatures (p. 817). Benzoylacetic ester was found to 
contain 29 per cent, of enoL^ A source of error in the bromine 
method is the action of bromine in enolising the keto form,' a change 
which takes place very slowly, and which is to some extent obviated 
by the addition of )8-napthol. In the case of acetoacetic ester it is 
estimated at about 1 per cent, per minute ; but as the operation can 
be completed in half that time the error does not exceed 0*5 per cent 

The following table gives the percentage of enol determined by 
this method in different tautomeric compounds at the ordinary 
temperature : 



Methyl aoetoacetate 


4-8 


Benzoylaoetic acid 


98-0 


Methyl methylaoetoacetate 


81 


Methyl benzoylaoetate 


16-7 


Aoetylacetone 


80*4 


Ethyl „ 


29-2 


Ethyl acetoDedioarboxylate 


16-8 


Benzoyl aodtone 


98-0 


Ozalacetic acid 


100-0 


Dibenzoyl methane 


96-0 


Methyl oxalacetate 


100-0 







Many interesting results have been obtained by this method in 
observing the effects of different solvents and different dilutions on 

1 K. H. Moyer, Ber., 1911, 44, 2780. • Part I, p. 116. 

PT. ir Z 
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the proportions of enol and ketone. Dilution increases the amount 
of enol in all cases, and is least in alcohol and greatest in hezane 
(see p. 843).^ K. H. Meyer ^ further finds that solid crystalline sub- 
stances are always homogeneous, and do not form solid solutions or 
mixed crystals of enol and keto forms ; but that the solvent may bring 
about fundamental changes. Benzene, for example, enolises acetyl 
dibenzoyl methane to the extent of 98 per cent, whilst the solid enol 
form of oxalacetic methyl ester is largely ketonised in solution. 

The use of tertiary amines has been suggested as a reagent for 
distinguishing between enolic and ketonic structui-es,^ 'as in many 
cases it is found to combine with the former, producing additive 
compounds from which the original substance may be reprecipitated 
unchanged ; but experience has shown that it is not always trust- 
worthy.* 

To determine the presence of keto and enol form in acetoaoetic 
ester, Schiff ' conceived the device of bringing about a combination 
between the ester and a compound with which either enol or keto 
form will readily unite. The substance selected was benzalaniline 
CeHgCH : N . C6H5 , which can combine with acetoacetic ester in the 
following ways : 

CH3 . CO . CH . COOC2H5 CH3 . qOH) : C . COOCoH. 

I I 

CcHfiCH . NHCgHs CeHgCH . NHC^Hs 

In union with the keto form. In union with the enol form, 

A product was obtained melting at 95°, which was shown to be 
a mixture of the two forms. The individual substances were 
obtained separately either by adding to the mixtui'e of acetoaeetic 
ester and the reagent a few drops of piperidine, which ketonizes 
the ester, or a trace of sodium ethoxide, which converts it into the 
enol form. These two compounds melt at 78° and 104° respectively. 
Similar results have been obtained with benzoylacetic ester, and, by 
Francis,* with dibenzyl ketone and desoxybenzoin. The action of 
piperidine and sodium ethoxide is interesting. The small amount 
of reagent required led Schiff to infer that the action is catalytic 
This view is clearly opposed to the general conception of a catalytic 
agent which can only accelerate equilibrium but not modify the 
proportions of the ultimate constituents. It is, moreover, contra- 

^ See Hantzsch, Ber., 1906, 39, 1086 ; Knorr, Annalm, 1899, 306, 845. 

* K. H. Meyer, B«r.. 1912, 46, 2847. 

^ Michael and Smith, ^nnoZen, 1908, 363, 36. 

* E. H. Meyer, Ber., 1912, 45, 2844. 

* B9r^ 1898, 31, 206, 601, 1804, 1388 ; 1899, 32, 832. 

« Trans. Chetn. Soc., 1899, 75, 865 ; £er., 1908, 36, 937 ; Trans. Chem. iSoc:, 1904, 
87, 998. 
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dieted, as Schaum ^ has pointed out, on thermodynamical grounds as 
well as by his own experimental evidence. He showed that, by the 
displacement of equilibrium without adding energy to a system, one 
change is accelerated at the expense of the other, and consequently a 
cer^in amount of energy is used. If the catalyst is then removed, 
the original equilibrium is restored, and the energy set free can be 
utilized to perform work, so that by combining the two systems 
a perpetual motion is created. Experimentally he proved that 
neither reagent affects in the slightest degree the density or specific 
refraction when equilibrium is established. An explanation of the 
process has been given by Lowry.' He suggests that each reagent 
reacts with one form only, producing an additive compound, which 
then interacts with the benzalaniline, and at the same time liberates 
the reagent. One of the isomers is thus removed from the mixture, 
equilibrium is restored, to be again disturbed by the reagent, and so 
the process continues until the whole undergoes change into the one 
product 

Fhyaical Methods have afforded much valuable information 
about isomeric change. The methods utilized include solubility, 
density, optical properties, electrical conductivity, colour, and have 
been discussed in the chapter on *' Physical Properties and Structure '. 
A brief recapitulation of the results is therefore all that is necessary. 

Action of Solvents. It has already been pointed out that solvents 
affect the equilibrium point of mixtures of enolic and ketonic forms. 
It was observed by Claisen in crystallizing the enol form of acetyl- 
dibenzoyl methane from alcohol, by Knorr in the case of diacyl< 
succinic esters, by Wislicenus in that of formylphenyl acetic ester, 
&c., by K. H. Meyer in the equilibria of acetoacetic ester in different 
solvents, &c. In these cases the dissociating solvents favoured the 
ketonic structure, the energy requirad to modify the equilibrium 
point being ascribed by BrQhl to the solvent. Knorr' attributed 
the effect to the ionizing power of the solvent, a view which was also 
shared by Wislicenus, BrUhl,* and others. Moreover, those solvents 
with a high dielectric constant appeared to increase the velocity of 
the change. BrQhl supposed that the enol form, which is a weak 
acid, undergoes dissociation, the hydrogen of the hydroxyl group 



1 Ber., 1898, 31, 1964. 

2 Traru.Chem. Soc, 1899, 75, 241. - Ber,, 1895, 25, 708. 
« ZeiL phys, Chem,, 1899, 30, 1 ; Ber., 1899, 32, 2326. 
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forming an ion, which wanders to the adjacent carbon atom. It is 
obvious that, unless the process is a reversible one, the change from 
enol to keto must necessarily be complete. 

The effect of solvents possessing different dielectric constants has 
been examined by BrQhl from the refractivity and dispersivity con- 
stants for the two forms of mesityloxide oxalic ester (p. 38). He 
observed that the enolic form remains unchanged in chloroform, but 
*JB rapidly ketonised in methyl and ethyl alcohol. In the same way, 
by the aid of the absorption spectra Hantzsch showed that acetoaoetic 
ester is ketonized in water and the alcohols, but enolised in hexane^ 

Stobbe,^ using the ferric chloride reaction and different aolTents, 
was able to slow down the change by conducting the process at a low 
temperature (— 78^), so that he could follow roughly its velocity. 
He found that alcohols accelerate the change keto-enol, and that the 
greater the molecular weight of the alcohol the greater the yelocity. 
The action of the solvent is therefore the reverse of the foregoing. 
Non-dissociating solvents did not affect the keto form. Stobbe 
regards the solvent as acting the part of a catalyst in the first case 
and of an anti-catalyst in the second, and classifies all solvents under 
these two heads. 

Dimroth's experiments led him at first to conclude that the 
action of the solvent in the case of phenylhydroxytriazole car- 
boxylic ester is related to its dielectric constant^ but is the reverse 
of that found by the earlier observers, inasmuch as the solvents with 
the smallest dielectric constants appeared to produce the mi^Timnm 
velocity by which the change is completed in the direction of the 
enol/keto transformation, whereas water and the alcohols cause a 
similar but incomplete change, which proceeds very slowly.' This 
reaction, although belonging to the category of isomeric changes, 
was subsequently found not to be tautomeric in the ordinary sense 
of the term, but to occur with the following change of structure : 

V'.COOCHs ^ CeHftHN/Nj.COOCH, 

n=n/ /\ 

N=N 

In the meantime Michael and Hibbert' investigated the action of 
a great variety of solvents on dibenzoylacetyl methane and diacetyl- 
succinic ester, and found that although the solvent with the higher 

1 Annalen, 1908, 828, 859 ; 1907, 86S, 182. 

s AnncUen, 1904, 835, 1 ; 1905, 888, 148; 1910, 878, 88ft. 

> Ber., 1908, 41, 1080. 
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dielectric constant lowers the velocity and vice versa, the more highly 
dissociating solvent produces a higher ketone content in the final 
mixture. They conclude that there is no simple relation between 
the rate of isomeric change and the dielectric constant, or indeed any 
other special character of the solvent, but that the velocity of the 
change is determined by the nature of the tautomeric compound, 
and that the solvent may be supposed to enter into loose complexes 
with the isomeric compounds undergoing change. 

Dimroth's later results led him to modify materially his earlier 
conclusions. He determined the relation between the solubilities and 
the velocity of transformation of phenylhydroxytriazole carboxylic 
ester and its amino derivatives in a great variety of solvents.^ 

.C(NH,k .C(NHCeH,) 

CeH5N< >C.C00C,H5 i± HN< \C.COOCaH5 

\ N=N / \n=n/ 

Neutral form. Acid form. 

Phenylaminotriazole-oarbozylic ester. 

The second or acid form of the above modifications can be titrated 
with alkali and thus quantitatively determined in presence of the 
first or neutral form. Dimroth found that the velocity of change is 
determined by the relative solubilities of the isomers, and is smaller 
the greater their solubility in the solvent, or, in other words, the 
velocities are approximately inversely proportional to the solubilities. 
This principle had already been arrived at on theoretical grounds by 
van 't HoflF in 1898.» Van 't Hoff regards the effect of the solvent 
on the velocity to be two-fold : the one is catalytic, and influences 
both reactions equally, whereas the other affects the two reactions 
differently, and depends upon some interaction between the reacting 
substance and the solvent. This influence of the solvent on the 
equilibrium is a function of the solubility of the reacting substances, 
and, according to Dimroth, may be expressed by the following 
equation : 

where C^ &nd (^ are the concentrations of the two isomers, and X^ 
and 2^ their solubilities, O being a constant which is independent 
of the nature of the solvent ; in other words, the two substances 
undergoing isomeric change are in equilibrium in any solvent when 
their concentrations are proportional to their solubilities multiplied 

» AnnaJen, 1911, 377, 127. 

' VoiUsungen iiber thtorei. u.pfiysik. ChemUf 1898, i, 217. 
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by the constant G, or when the ratio of their solubilities to the ratio 
of their concentrations reaches the value G, which is called the 
absolute equilibrium constant The following values were obtained 
with the methyl and ethyl esters of phenylaminotriazole carbozylie 
ester: 



Solvent. 



-IT -7=- G 



£ther 

Ethyl alcohol 

Toluene 

Benzene 

Nitrobenzene 

Chloroform 



D, C. 


Ch 


La 
Lb 


4-6 


20-7 


8-4 


26 


4-56 


21 


2-37 


1-53 


0-74 


2-25 


1-2 


0-6 


84 


0-85 


0.33 


5 


0-82 


0-19 



2-4 
23 
21 
2.4 
2-6 
1-7 



Solvent. 



Ether 

Methyl alcohol 

Toluene 

Benzene 

Nitrobenzene 

Chloroform 




4r» 


217 


8o-4 


2-8 


2-87 


1-8 


225 


102 


84 


0-8 


5 


0.3-2 



53-0 
7-0 
48 
32 
2-2 
M 



G 



0.4 

0-83 

083 

0.82 

0-36 

0-32 



D. C. — dielectric constant. 

It should be added that accurate experimental data in support of 
this relation between the velocity and solubility of reacting substances 
are still lacking. 

A simple relation between the equilibrium ratio in different 
solvents of enol to keto form for different tautomeric substances 
has been established by K. H. Meyer.^ Although the equilibrium 
ratio may vary greatly in the same solvent for different tautomeric 
substances, the ratios for the same series of solvents vary in the 
same way. An example will make this clear. The following table 
gives the ratio enol/ketone in different solvents for acetoacetic and 
benzoylacetic ester : 



Solvent. 


Acetoacetic 
ester. 


Benzoyl- 
acetic ester. 


E, 


Water 
Formic acid 
Acetic acid 
Methyl alcohol 
Acetone 
Chloroform 


0-004 

0-011 

0061 

0.074 

0-08 

0.089 


0-008 

0028 

0-16 

0.16 

0-18 

0-18 


2-0 
2-5 
2-6 
2-2 
2-1 
2-0 



1 Annaien, 1911, 380, 229 ; Ber., 1912, 45, 2843 ; 1914, 47, 82«. 
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Solvent. 


Acetoacetic 
ester. 


Benzoyl- 
acetic ester. 


E. 


Ethyl alcohol 

Ethyl acetate 

Benzene 

Toluene 

Ether 

Carbon bisulphide 

Hezane 


0-18 
0-15 
0-22 
0-26 
0-48 
078 
1-0 


0-82 

0-83 

0-45 

0-62 

0.90 

1-6 

22 

Mean 


2-6 
22 
21 
2-4 
21 
22 
2-2 




2-3 



It will thus be seen that the equilibrium ratio for benzoylacetic 
ester in the different solvents is that of acetoacetic ester multiplied 
by a constant (E) which is about 2-3 ; in other words, knowing the 
constant and the values enol/ketone in one series of solvents it is 
possible to calculate approximately the ratios in the same solvents. 
This constant is resolved into two, one for the solute and the other 
for the solvent, so that the expression becomes 

Concentration of enol 



Concentration of ketone 



= K=E.L 



Applying this to Dimroth's formula the expression becomes 

The following are the mean values for £7 of a series of tautomeric 
substances, acetoacetic ester being taken as unity. 



Acetoacetic ester 1 

Benzoylacetic methyl ester 2*3 

„ ethyl ester 2*6 

Acetyl-di benzoyl- methane 80 

Acetyl-acetone 88 



Benzoyl acetone 120 

Dibenzoyl methane 850 

Acetyl-camphor 8 

Benzoyl-camphor 12 

Acetoacetanilide 1*4 



Other observations on the influence of solvents on the velocity of 
isomeric change have been made by Lowry and his co-workers in 
the case of nitro- and bromonitro-camphor, and are referred to 
on p. 848. 

Temperature. K. H. Meyer ^ has also studied the effect of tem- 
perature on the equilibrium point for a variety of tautomeric sub- 
stances between 0^ and 40° in alcohol, and between 0° and 65° in 
toluene, and concludes that the ketone form is favoured by rise of 
temperature, and it is therefore this form which has the greater 
energy content. 



» B€r., 1914, 47, 833. 
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Solnbili^ and Melting-poiiit. Several cases have been referred 
to in which dynamic isomers have been isolated and their quantity 
estimated by differences of solubility. The method is, however, 
limited in its application, since, if crystallization proceeds slowly, 
isomeric change may occur, and equilibrium is re-established in the 
solution as soon as the less soluble isomer begins to separate. The 
second isomer will consequently not crystallize out. Lowry found 
that this was the case with nitro-camphor, which could only be 
obtained in one isomeric form. If the separation takes place quickly, 
or isomeric change is slow, the two isomers will behave like distinct 
substances and separate according to their solubilities. It is also 
clear that, if isomeric change occurs during solution, the substance 
will possess an apparent as well as a real solubility depending on the 
extent of the conversion. Lowry ^ has applied the principle to 
diagnosing cases of isomeric change by determining the solubility 
immediately following solution and after an interval has elapsed. 
As there is an apparent and a true solubility there will exist an 
apparent and a true melting-point, depending on isomeric change. 
These changes can best be followed by means of the freezing-point 
curves of the mixed isomers, as was done in the case of mixtures of 
enantiomorphs (p. 203). 

In the diagram, Fig. 53, ad and bd represent the freezing-point curves 
of a mixture of two dynamic isomers A, 
B, and c the freezing-point of the equili- 
brium mixture after fusion. The true 
melting-points are represented by a and 
h. If isomeric change occurs on fusion 
the melting-point of the higher melting 
isomer a will &11 and will become con- 
stant when the equilibrium temperature 
of fusion c is reached. Similarly the 
melting-point of h will follow the curve 
hdCf and, according to the rate of isomeric change^ will indicate after 
fusion a lower or higher melting-point which eventually becomes con- 
stant at c. If the change is slow the two substances will behave like 
separate individuals, one of the components first separating, followed 
by the more fusible entectic mixture. The temperature above which 
isomeric change first sets in has been termed by Knorr * the stdbUUy 
limit of the substance. If it lies above the melting-point the true 
melting-point will be given. This is the case with both the keto 




Fio. 53. 



1 Trans. Chem. Soc., 1904, 85, 1541, 1551. 



* Annalen, 1896, 303, 88. 
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forms of dlbenzoylsuccinic ester (p. 382), which melt at 128-130^ 
and 75° respectively, and show no ferric chloride reaction until heated 
to 170° in one case and to 160° in the other, and with that of mesi- 
tyloxide oxalic ester, which melts at 59-60° and enolises at 180°. 
The stability limit, though obviously not a fixed point, is usually 
coincident with the fusion temperature, and in that case the melting- 
point will not be the correct one. 

The same is true if the stability limit falls below the melting- 
point. A very good example is Claisen's acetyldibenzoyl methane 
(p^ 881), the enol form of which melts at 101-102°, and undergoes 
isomeric change at 80-90°. Below 90°, therefore, both keto and 
enol forms are present, and the melting-point is that of the equili- 
brium mixture at that temperature. At 110°, which is its melting- 
point, the keto form is stable (and therefore the melting-point is the 
true one), but it becomes labile on fusion, and a new equilibrium is 
set up. Thus, the first melting-point is that of the equilibrium mix- 
ture, in which the enol form is being transformed into the keto 
modification of higher melting-point. It is therefore indefinite and 
below the real temperature. It solidifies again as the keto form is 
produced in the stable region approaching 110°, after which it melts 
a second time.^ 

Density and Volume. Schaum ' observed that freshly distilled 
acetoacetic ester acquires a different density after standing, and 
recognized the fact as evidence of isomeric change. The constants 
for molecular volumes (p. 14) are as yet too indeterminate to be 
usefully applied, but Traube has made a number of experiments on 
molecular solution volumes of tautomeric substances.' From the 
density of acetoacetic ester and its solutions in various solvents he 
showed that in the majority of the latter the molecular volume 
undergoes a gradual change which can only be explained on the 
assumption of the existence of two esters in equilibrium (p. 17). 

Befiraetioii and Dispandon. BrUhl * has shown that molecular 
refraction and dispersion offer an excellent means of differentiating 
the enol and keto forms, and has determined the structure of a variety 
of compounds in this way (p. 86). To quote one or two examples, 
free acetoacetic ester was found to represent the keto form, whilst 

^ The behaviour of dynamic isomers on fusion is discussed from the phase 
rule standpoint by Find lay. Trans, Chem. Socj 1904, 85, 403. 

 JBer., 1898, 81, 1964. ' Ber., 1896, 29, 1716. 

« Ber., 1892, 25, 866 ; J, prakt. Chem,, 1894, 50, 159; Zeit. phys, Chem, 1900, 
34, 81. 
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its sodium compound was enolic.^ In other respects CIaisen*8 rule 

that negative groups favour the enol formation is fully confirmed. 

Oxalacetic ester and aoetylmalonic ester are enolic compounds, whilst 

acetone and pyruvic acid appear to he purely ketonic (see p. 37). 

Formylacetic ester and hydroxym^thylene-camphor were shown to 

belong to the enolic type. 

yC : CH(OH) 
HC(OH) : CH . COOCgH^ CgHiZ | 

\C0 

Formylacetic ester. Hydroxyxnethylene-camphor. 

Kagnetic dotation. The results derived by W. H. Perkin * from 
observations of the magnetic rotation of acetoacetic ester and other 
ketones agree substantially with those of BrOhl. Acetoacetic ester 
is a ketone, acetylacetone is probably a mixture of 80 per cent, mono- 
and 20 per cent, di-enol, whilst methylacetylacetone is about half 
ketonic and half enolic, from which it follows that the positive 
ethyl radical favours the ketonic structure and thus in a sense sup- 
ports Claisen*s rule (p. 332). The further interesting observation 
was made that those ketonic compounds which exhibit enolic struc- 
ture are rendered more ketonic with rise of temperature — in other 
words, that the condition of equOibrium between the isomers changes 
with the temperature (see p. 343). 

Eleotrioal Conduotivity. An interesting application of the 
ionization hypothesis to the study of tautomeric change has been 
elaborated by Hantzsch.' 

In 1896 Hantzsch and Schultze * obtained the two dynamic isomers 
of phenylnitromethane CellgCHsNOj (see p. 324). The product 
obtained by the action of silver nitrite on benzyl iodide is an oil 
which dissolves in soda solution and forms a sodium salt, from which 
hydrochloric acid precipitates in the cold a crystalline substance 
which melts at 84^. The latter, in contact with acids, passes gradu- 
ally into the oily isomer, and the same thing occurs on warming the 
substance in ethereal or alcoholic solution. The two may be dis- 
tinguished by the intense brown coloration which alcoholic ferric 
chloride gives with the crystalline modification. 

The conversion of the one isomer into the other is explained by 
a tautomeric change of the following nature : 

CeHfiCHj.NO, ^ CeH^CHrNO.OH 



Phenylnitromethane Isophenylnitromethane. 

liquid. m. p. 84^ 



lO 



^ Brtlhl and Schroder, ZHL phys. Chem,, 1904, 50, 1 ; 1905, 61, 1. 

* Trans, Chem. Soc,, 1892, 61, 800. 

» Ber.y 1899, 82, 675, 8066. « Bn-., 1896, 29, 699, 2251. 
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Whereas the liquid compound is a neutral substance and a non- 
electrolyte, the isofner is a strong acid and an electrolyte.^ The 
presence of the second compound and its gradual change into the 
first may therefore be recognized by its decreasing conductivity in 
solution, whilst the passage of the first into the second may be 
followed by the reverse process or by observing the gradual neutral- 
ization of the solution on the addition of an alkali. These and other 
manifestations of tautomerism, such as the colour change of the 
liquid on the addition of an alkali, may be observed in compounds 
like the aliphatic and aromatic nitro-compounds, nitroparaffins, nitro- 
phenols, and nitrolic acids, lactams, primary nitrosamines, oximino- 
ketones, e.g. violuric acid, quinoneozimes, &c., which are unknown 
in desmotropic forms, owing, as a rule, to the instability of the free 
enol type. Such compounds have been named by Hantzsch pseudo* 
acids, by which term is implied the free compounds, which, not 
being acids themselves, exhibit by a change of structure the charac- 
teristic behaviour of acids, and the manifestation is termed ionic 
isomerisflu Hantzsch also recognizes a group of basic substances 
corresponding to pseudo-acids which he terms pseudo-ammonium hases.^ 
These substances ar^ not in themselves bases, but exhibit ionic 
isomerism, inasmuch as they pass into true ammonium salts on the 
addition of an acid and thereby become strong electrolytes. Like 
the pseudo-acids they also show colour changes and ^abnormal 
neutrality '. These changes were first studied in the case of phenyl- 
methylacridinium chloride. The addition to an aqueous solution of 
the salt of an alkali or silver oxide sufficient to unite with the acid 
liberates a strong base, which shows a degree of dissociation com- 
parable with that of potassium hydroxide. Its conductivity then 
gradually diminishes until it reaches zero, and at the same time the 
solution becomes neutral and the pseudo-base is precipitated. The 
change is represented by the wandering of the hydroxyl ion to the 
carbon atom thus : 

CfiHs CeHs CeHs OH 

I  I v 

CeH,<^i\CeH, -.. CcH/|^eH4 -> C,ll,^ ^C,H, 



CH3 CI CH3 OH CH3 

Phenylmethylacridininm True ammonium base. Pseudo-ammonium 

chloride. base or carbinol. 

1 Holleman, Bee trav. chim. Pays Baa^ 1895, 14, 129. 
> Ber,, 1899, 32, 594, 8109, 8182 ; 1900, 83, 278. 
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The reverse changes occur on acidifying the psendo-ammomom base, 
which passes into the true ammonium salt. 

The theory has been used to interpret the changes which diazoniam 
salts undergo when acted upon by solutions of alkalis, alkali cyanides^ 
and sulphites (p. 294). Under these circumstances the diazonium 
salt is converted into the syn diazotate, diazocyanide, and diazo- 
sulphonate. 

BNCl EN RN RN 

II II 



N KO.N CN.N KO3S.N 

The theory has also been applied to explain the relation of dye^stufb 
to their colour bases (see p. 100). 

SlAOtrioal OiMsillations. By the use of a specially contrived 
apparatus, Drude^ examined the absorptive power of organic com- 
pounds for electrical oscillations, and found that whilst hydrozyl 
compounds absorb the oscillations readily, aldehydic and ketonic 
compounds do not The method has been applied to the investiga- 
tion of dynamic isomers, and the results are stated to be in sob- 
stantial agreement with those of BrOhl and Perkin. 

Acetoacetic ester does not absorb and is ketonic, oxalacetic eater 
absorbs strongly and is therefore mainly enolic The change in 
absorption which accompanies the passage of the liquid to the solid 
form of formylphenylacetic ester agrees with the observations of 
Wislicenus. Many other compounds have been studied with similar 
results. K. H. Meyer, on the other hand, finds that the results do 
not conform with those obtained by the bromine method (p. 837), and 
consequently regards the method as untrustworthy.^ 

Optical Activity. The large differences in optical activity of 
many dynamic isomers have been turned to excellent account as 
a means of distinguishing the two forms, and of following the equi- 
librium changes which occur under different conditions. The 
method has been utilized by Lowry' in the study of nitrocamphor 
and TT-bromonitrocamphor, and by Lowry and E. F. Armstrong * in 
that of the different glucoses and glucosides. 

The dynamic isomers of ir-bromonitrocamphor and pseudo 7-bromo- 



» B«r., 1897, 80, 940. * Ber., 1912, 46, 28U. 

s Trans. Chem, Soc., 1899, 76. 235. See also Rape and Lenzinger, Annalm, 1918, 
898, 872. 

* Trans. Chtm. Soc., 1908, 83, 1814. 
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nitrocamphor are probably represented by the following formulae 
(see p. 84) : 

,0 



|\n. 



/CXINO2 /^^'N. I 

C8Hi3Bi< I C,Hi3Br< | ^N . OH 

Normal. Pseudo. 

Both compounds have been isolated by crystallization from 
diffei-ent solvents : the one, which from its high rotation is regarded 
as the pseudo form, melts at 142° and has a specific rotation of 
[a]D= + 188°, and the other melts at 108° and has the value 
[a]D= —61°. When either substance is dissolved in various media 
an equilibrium mixture of the two isomers results. A 3*38 per cent, 
benzene solution at 15° reaches a constant rotation of [a]D = —38°, 
and consists then of an equilibrium mixture of one part of pseudo 
and seventeen parts of the normal compound. This change of 
rotation has been named by Lowry mtUaroiation. Nitrocamphor, 
though only known in one crystalline modification, in.p. 100°, never- 
theless when dissolved in various solvents shows the same kind of 
change as the bromo-derivative, thereby indicating the existence of 
an equilibrium mixture of the two forms, Simon ^ suggested, and 
Lowry and £. F. Armstrong ' have since shown, that the a, fi^ and y 
modifications of glucose, which have the specific rotations 

[a]j, = + 106°, + 52-6°, and + 22° 

respectively, consist in all probability of two stereoisomeric a- and 
yglucoses having the rotations [a]D= +105° and +22°, which 
exhibit mutarotation by forming an equilibrium mixture having the 
intermediate value (Part III, p. 44). 

CHoOH CHoOH 



CHOH CHOH 

I 



CH 
/ CHOH 

\ CHOH 

\l 
\HC . OH 

a-glucose. 



> Omflt, rmd,, 1901, 182, 487. ' Trans. Chem. Soc^ 1908, 88, 1805, 1814. 
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Spectra. The absorption spectra in the visible and 
ultra-violet region have been studied by Hartley, by Debbie and 
Lauder, and by Baly and Desch, with results which possess con- 
siderable interest. Dobbie, Lauder, and Tinkler^ were able to 
observe changes in the spectra of solutions of cotarnine and its 
derivatives which could only be explained by isomeric changa 

.CH(OH) . NCHs /CH = N(CH3)0H 

A-JH2 -CHg X^Hg — CH2 

On the assumption that similarity in the absorption spectra denotes 
similarity of structure, Hartley and his co-workers were able to deter- 
mine the structure of many tautomeric compounds by comparing 
their spectra with those of their tautomeric derivatives (see p. 75). 

Colour. Examples of the differentiation of dynamic isomers by 
means of colour have already been given. There are many pseudo-acids 
possessing one colour which, on the addition of a base, are supposed 
to change into a salt of the normal acid having another colour. 
Colourless violuric acid, which is the pseudo form, gives pink or 
violet salts.^ Colourless nitrolic acids form red salts. The green 
solution obtained by adding nitrous acid to phenol probably repre- 
sents the nitroso compound, whilst the red sodium salt may have 
the oxime formula. Other examples are the colourless and yellow 
modifications of acetone dioxalic ester,' and the colourless and yellow 
mesoxamide oxime and its coloured salts,* which are represented as 
containing the following isomeric groups : 

—CO —CO 

I l/NH 

C : N . OH C< I 

I 1^0 

—CO —CO 

There are also the colourless and 3'ellow silver compounds of the 

amides, and the colourless nitrophenols and their orange or red 

salts. 

OH.C6H4.NOa -* OrCfiH^rNOaNa 

The subject is more fully discussed under ^Colour and Structure* 
(p. 90). 

Theories of Tantomerism. Laar, who was the first to offer 
a theory of tautomerism, supposed that the mobile hydrogen atom 

» Tra7is. Chem. Soc, 1908, 83, OUS. » Huiitz^ch, Zi«r., 1699, 32, 59S, 

s Willsl&tter and Pummerer, i>V.. 1904, 87. 3788. 

« Whitoiey, 2Va/«. Chem, ix/c, 190U, 77, 1040; 1903, 83, 24. 
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in tautomeric compounds was in a state of constant oscillation, so 
that both compounds might be regarded as present in the sub- 
stance in a labile state. This applied to solids as well as to liquids 
and solutions The view received support from the observations of 
von Pechmann and others (p. 826). It has already been stated that 
phenyltolylbenzamidine forms with ethyl iodide two ethyl ' deriva- 
tives. The result is readily explained on the assumption that the 
substitution of hydrogen by ethyl occurred at opposite periods of an 
oscillation. A similar idea is embodied in Knorr's ^ theory of the 
oscillating double-bond, in which the rapid shifting to and fro of the 
double-bond and of the hydrogen atom associated with it, is made 
accountable for the identity of such substances as the two methyl 
pyrazoles referred to on p. 828b A very similar explanation was offered 
by Thorpe ^ of the identity of the afi- and /3y-dimefchylglutaconic acids 
and of the a- and y-methylaconitic acids (see Part I, p. 78). 

C . OOjH C . OO2H 

COjjH . CH CH . COjH CO^H . C CHg . COgH 

GH3 OH3 

a- and 7-M6thylaconitio acid. 

Allelotropurm. Knorr' was the first to discuss the subject of 
tautomerism on a broad, philosophical basis. In a paper on the 
tautomerism of the dibenzoyl- and diacetyl-succinic esters subsequent 
to that already referred to (p. 882), he lays down the principle that each 
substance has its own structure, that when heated above its stability 
limit it yields an equilibrium or alldotropic mixtui-e, and that similar 
mixtures are formed in solution ; the pi-oportion of the isomer 
depending on the nature of the solvent, the temperature, and the 
dilution. Finally, he revives Butlerow's view of the nature of the 
change occurring between the two isodibutylenes to explain isomeric 
change in general, which he attributes to an intermolecular, and 
not, as Laar had done, to an intramolecular process. At the same 
time he recognizes that Laar's oscillation theory may explain very 
rapid isomeric changes, such as presimiably exist in the case of 
hydrogen cyanide, benzene, the methyl pyrazoles, &c. 

Thus Laar*s tautomerism or oscillating structures, and Baeyer's 
pseudomerism or single, stable structures, are limiting cases of 
allelotropism or equilibrium mixtures of isomers. 

1 Annalm, 1894, 279, 188. 

» Trans. Chfw. Soc., 1905, 87, 1680; 1906, 89, 651. 

3 AnmUn, 1899, SOa, 332. 
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Bynamic Zsomerimi. The theory which has been recently 
developed by T. M. Lowry ^ has been moulded on a still broader 
basis. In place of the word tautomerism and the various otiier 
names applied by different observers to indicate different views of 
the same phenomenon, he has introduced the single expression 
dt/namic isomerism, which he defines as reversU)le isomeric change. 

The principle of balanced actions between isomers had already 
been recognized by Butlerow' from the results of his inquiry into 
the action of sulphuric acid on trimethyl carbinol. Butlerow 
showed that the product consisted of two isomeric isodibutylenes, 
and he explained their formation on the assumption that equilibrium 
is established between the isodibutylenes and the corresponding 
alcohols by means of water. 

Cllq CSq CMq CH3 CI13 CM} CH.3 CHoOH 

C C(OH) C 

II +H,o :^ I :^ \ +H,o ^ I 

CH CHj CHjj CH, 



"d 



C(CU^ C(CH3)3 C{CH3)3 C(CH3)3 

Butlerow suggested that equilibrium might also exist in the absence 
of any reagent, and that hydrogen cyanide and cyanate might be 
equilibrium mixtures of cyanide and nitrile in the one case, and 
carbimide and cyanogen hydroxide in the other. 

Dynamic isomerism includes every form of balanced action be- 
tween isomers, and therefore embraces not only examples of labile 
isomeiic change, like that of the two formylphenylacetic esters (which 
are readily interconvertible at ordinary temperatures), but others 
which are perfectly stable, and only undergo isomeric change on 
fusion, like ammonium thiocyanate and thiourea.' 

NH4CNS ^ CSCNHjJa 
These reactions therefore belong to the type of unimolecular 
reversible or balanced actions, and may be treated mathematically. 
According to the theory of reversible reactions a condition of 
equilibrium is attained when the quantities of the two substances 
are in a definite ratio, which is determined by the ratio of the 
velocity constants of the opposing reactions. If k^ and hi are the 
velocity constants of the two isomeric changes taking place in 

1 TVafu. CKem, Soc,, 1899, 75, 211 ; BriL Assoc. Reports, 1904, p. 19S. 
« Annalsrij 1877, 189, 76. 

s Waddell Joum, phys. Chem., 1898, 2, 528; Reynolds and Werner, TVoiu. 
Chem. Soc., 1903, 88, 1. 
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opposite directions, and Xq^ x^, and x^ the quantities of the original 
substance at times 0, t, and oo, the reaction will proceed according to 
the equation, 



\vhich when integrated becomes, 



Xn'—X^ 



»! + ** = 7log^ 



X 



If the quantity of one of the substances is known at time if the 
value of ki+k^ that is, the sum of the velocity constants of the 
opposing reactions, can be determined and should give a constant. 
The velocity constant is only subject to variation with change of 
concentration in case one of the substances acts as a catalyst or 
undergoes some secondary change. The above equation has been 
used by Ktlster,' by Lowry,'and others, and the experimental results 
are in close agreement with the unimolecular law. 

Etkster applied the equation to the dynamic isomerism of two 
hexachloroketocyclopentenes. 

ca = ca ca— ccia 

)>co :^ II ^co 
cci,— ccijj ca— ccij 

Hdzachloro a-keto ^-cyclopent^ne. Hexachloro a-keto Y-oyclopeniene. 

The process was conducted by suspending a small quantity of the 
substance in the vapour of boiling nitrobenzene for a certain length 
of time and then rapidly cooling. The substances were then con- 
verted into the anilides and separated by solvents. When equi- 
librium was established the mixture consisted of 614 per cent, of fi- 
and 88-6 per cent, of y-compound. Lowry studied the rate of change 
of solutions of nitro- and ir-bromonitro-camphor by means of the 
polarimeter. 

Every form of isomeric change may be studied from this stand- 
point, including such processes as optical and geometrical inversion 
(pp. 191, 251). The racemisation of tartaric acid and the trans- 
formation of the two tolane dibromides belong to the same order 
of phenomenon and are subject to the same law. 

The existence of only one representative of two possible isomers 
such as isatin may be regarded as merely a limiting case in which 
the isomeric form is too labile to exist under the experimental 
conditions. The same may be said of those reactions which are 

1 Zeit, phys. Chm., 1895, 18, 171. > Trans. Ckm. Soc,, 1899, 75, 224. 

FT. n A a 
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apparently non-reversible, for the balance may then be assumed io 
shift so much to one side that little or none of the original substanee 
can be detected. These one-sided or completed reversible reactions 
will be considered separately. 

The Meohanini of Xsomerio Ckange. It will be interesting to 
attempt to form some idea of the process by which isomeric change 
is brought about. Laar regarded the change as intramolecular, that 
isy as a change produced by a direct transference of the atoms in the 
molecule. Butlerow was of opinion that the process might either be 
spontaneous or depend on the presence of a catalyst. Lowry, on the 
other hand, considers that the aid of a third substance which plays the 
r6le of a catalyst is essential, just as the union of certain gases requires 
the presence of a trace of water. 

In support of this view he points to the fact that nitrocamphor ^ 
and the enolic form of d-benzoyl camphor ' in chloroform solution 
will remain unchanged for a long period, but that the dust of the 
laboratory or the soft glass of the polarimeter tube is sufficient to 
start the transformation. 

As we have seen, Enorr, Brtthl, and others have suggested that 
certain solvents have an ionizing action on the dissolved substance, 
and the enolic form, being a weak acid and electrolyte, breaks up 
into a hydrogen ion and an organic ion, and the latter has a tendency 
to recombine with the hydrogen ion to form the non-ionized ketonio 
compound. 

The objection to this view is that it implies a complete conversion 
of the enolic to the ketonic type, which is not always the case. Lap- 
worth* has suggested that the change takes place in the n^ative 
organic ion through an alteration in the position of the tree bond or 
affinity. In the case of bases the acceleration is due to the diminu- 
tion of hydrogen ions by increasing the concentration of hydroxyl 
ions and at the same time increasing that of the organic ion& 

The interconversion of the ketonic and enolic form of acetoaoetic 
ester will be represented as follows ; 

CHs.CO.CH.COOCgHj + H :^ CH3 . CO : CH . COOC^H^ + H 

so that in a sodium ethoxide solution both ketonic and enolic forms 
will be present in equilibrium, a condition which is virtually equiva- 
lent to the presence of the two sodium compounds : 

CH3 . CO . CHNa . COOC0H5 ^ CHj . C(ONa) : CH . COOC^, 

^ Lowiy, Trans, Chem. Soc., IS ^9, 75, 219 ; Lowry and Magson, Trans, Ckem. Soc, 
1908, 98, 128. 
* Fonter, Trans, Oiem. Soc., 1901, 78, 997. > Trans, Chem. Soc., 1902, 81, 1506. 
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It should be noted that the structure of the sodium compound 
which separates from solution will depend on the relative solubilities 
of two isomeric forms, and, if equilibrium is rapidly established, will 
be independent of the composition of the equilibrium mixture in 
solution. 

It frequently happens that acids have an opposite effect to bases 
and retard or suspend isomeric change, in other cases they act as 
catalysts and accelerate it.^ When the latter occurs another explana- 
tion than that of the diminution of hydrogen ions must be found, 
and Lapworth has suggested that they may cause the change by 
forming a complex ion with the organic compound, which functions 
as a weak base like ammonia, and then undergoes internal rearrange- 
ment as follows, the dot indicating the temporary disposition of the 
free afiSnity : 

HO-C = C + II ^ H0-C-v<5h 
HO— 6^CH ^ HO^C— CH 



H0-:-6— CH t^ 0-T-C— 6h + H 

Lowry ^ regards the ionisation theory as untenable, for reasons to 
be presently described, and has adopted the idea of Butlerow's catalyst, 
whereby the change is effected by the alternate addition and removal 
of the catalyst. 

— CHj -CHj — CH 

I + KOH ^ I yOK ^ 11 + KOH 

—CO — C< — C . OH 

\0H 

* 
He has shown that it is possible to accelerate or arrest the isomeric 

change of nitrocamphor described on p. 34d by the use of certain 

substances. Now it is just those substances which are capable of 

breaking up into an atom of hydrogen and a radical which accelerate 

the change. They include both acids and bases. Such are, for 

example, water H . OH, alcohol H . OC2H5, acetic acid H . OOC . CH3, 

hydrogen chloride H. CI, ammonia H. NH2, piperidine H. NC5H10, 

potassium hydroxide H . OK, whereas benzene, ether, and chloroform, 

which do not break up in this way, have a very slow action. The 

method employed was to determine the velocity constant for some 

solvent, such as benzene, ether, or alcohol, and then to add varying 

quantities of the catalyst The following table gives some of the 

observations. The first colunm represents the nature of the solvent, 

1 Lapworfch, Trans. Chem. Soc, 1902, 81, 1503 ; 1903, 83, 1128; 1904, 85, 30. 
' Lowry and Magson, Trans. Oism. 800., 1908, 88, 128. , 
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the second the velocity constant (K) in minutes, the third the period 
occupied by the change, and the fourth the percentage ebange 
accomplished in each minute : 



Solvent. 


K. 


Period. 


Percentage. 


Alcohol (purified) 


0-0048 


8 hours 


1-81 


+ 1 per cent. H3O 


0-0096 


* » 


2-61 


+ N/10»NaOCaH5 


0-0066 


7 „ 


1-52 


+ N/10* „ 


0-0101 


II :: 


2-76 


Ether 


0-00149 


0-406 


+ 1 per cent. H,0 


0-0154 


12 days 


4-18 


Benzene 


0-00018 


0-086 


+ N/10* NC^Hi, 


0-28 


10 mins. 


62-6 


+ N/10 CH, . COOH 


0-067 


40 „ 


16-5 


+ N/10> CCl, . COOK 


0-0118 


3| hours 


8-074 



An interesting point in regard to these observations is that eertain 
acid chlorides, such afa carbonyl chloride and acetyl chloride, arrest 
the change in certain solvents, and this is attributed by Lowry to the 
neutralization of traces of basic impurities. Now ether belongs to 
the class of ionising solvents, since hydrogen chloride conducts in 
this liquid. If, therefore, an ionising solvent caused isomeric change, 
it should be impossible to arrest the change by means of carbonyl 
chloride. 

COMPLETED ISOMERIC CHANGE 

Although it is generally recognized that the isomeric changes 
which appear to take place in only one direction may be merely 
limiting cases of reversible reactions in which the original subetanoe 
virtually disappears, it is convenient, until these reactions have been 
more fully studied, to place them in a separate group by themselves. 

An isomeric change which is completed in one direction is a uni* 
molecular reaction, and, provided there are no disturbing by- 
reactions, represents the simplest type of chemical change. It 
follows a logarithmic law, and may be studied as a problem in ehemi* 
cal dynamics. According to the mass law the rate of change will 
be proportional to the concentration at any given time, or conversely, 
if the change follows the mass law and the quantity of substance 
present at any time is ascertained, the velocity constant k can be 
calculated from the well-known equation, 

1. li « 
* = 7 log » 

in which t is the time, a the amount of substance at the beginning of 
the observation, and x the amount transformed after an interval of 
time U 
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The velocity constant can of course only be determined where the 
change takes phuse sufficiently slowly for the composition of the 
mixture undergoing transformation to be ascertained, and where 
either the process can be suddenly arrested or the products quickly 
analysed. It is clear that these conditions render the study of many 
isomeric changes difficult or impossible, and the result has been that 
only a very few have been examined dynamically. In such cases as 
the transformation of acetochloranilide into j7-chloracetanilide ^ 
(p. 871), that of diazoaminobenzene into aminoazobenzene ' (p. 874), 
of acetophenoneoxime into acetanilide' (p. 8^6), it has been found 
that the reaction follows the mass law. These reactions are fully 
considered in Part I, p. 275. 

Generally speaking, these completed isomeric changes result not in 
the transference of a single mobile hydrogen atom, but in the inter- 
change of groups, reactions which are usually, though not invariably, 
induced by the presence of strong acids. It would appear, therefore, 
that on the ionic theory the change is produced by the catalytic 
action of hydrogen ions. This view has been advanced by Gold- 
schmidt and Reinders in the case of diazoaminobenzene, by ob- 
serving that the velocity of isomeric change from diazoaminobenzene 
to aminoazobenzene increases with the proportion of catalyst (an 
aniline salt) and with the dissociation constant of the acid of the 
salt^ A similar view has been expressed by Beckmann in reference 
to the reaction which bears his name.^ 

Xigration of Sydrooarbon Badiflala (from Carbon to Carbon). 

The pinacone-pinacoline conversion is an example of the transposition 
of a radical from carbon to carbon ; strictly speaking, it is not an 
isomeric change, for the process is accompanied by the loss of water ; 
but the reaction may be conveniently discussed here. Fittig * found 
that when tetramethyl pinacone is distilled with dilute sulphuric 
acid it is converted into pinacoline, or tertiary butyl methyl ketone. 

CH CH 

'\C(0H) . C(OH)/ ^ = (CHj)3C . CO . CH^ + H,0 
CH,/ \CH3 

PinacoDe. Pinacoline. 

On reduction with hydriodic acid, pinacoline loses oxygen and yields 

1 J. J. Blankama, See. irav. Pay»-Ba8, 1902, 21, 866; 1903, 22, 290. 
s Goldachmidt and Reinders, Ber., 1896, 20, 1869, 1899. 

* Lobiy de Bniyn and Sluiter, Koninklijke Akad, van Wetenaehappen, 1904, 778. 
« Ber^ 1896, 20, 1905. ^ Bar., 1894, 27, 300. 

* Annaitn, 1860, 114, 66. 
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tetramethylethylene; in which a methyl group v^anders back to Uie 
original carbon. 

(CH3)3C . CO . CHs -♦ {CH3)3C . CH(OH) . CH3 

-♦ (CHjJaC : C(CH3)2 

Precisely similar results have been obtained with benzpinacone. 

Another curious change is that produced by oxidation which tnms- 
forms tetraphenylethylene into benzoyltriphenylmethane.^ 

{G,K,)fi : C(CeH,), + O = (CeH5)3C . CO . CeH^ 

To the same class of reactions belong the conversion of hydrobenzoin 
into diphenylacetaldehyde and as. phenyl alkyl glycols into the 
corresponding aldehydes ^ under the action of sulphuric acid and of 
benzil into benzilic acid by fused potassium hydroxide. 

CoH^CHCOH) . CH(0H)CeH5 - {CJ^,)^ . CH . CHO + HjO 

Hydrobenzoin. Diphenylacetaldehyde. 



C^Hfiv CeHgv 

>C(OH) . CHjjOH = >CH . CHO + H^O 

CH3/ OR/ 

as. Phenyl methyl Phenyl methyl 

ethylene glycoL acetaidehyde. 

CeHg . CO . CO . CflHg + HgO = (CeH,), . C(OH) . COOH 

Benzil. Benzilio aoid. 

The same kind of change has been shown by Brumer,' Wol£^^ and 
Knorr ' to occur in ring compounds. To take one example, Brumer 
found that phenyldimethyl indolinol is converted by hydrogen 
chloride into a dimethyl indole with the loss of a molecule of water. 



C<^3 /^ 




\ch; « — ^ • ^^a 



II 

N 
CgHg O^Hg 

Although many chemists have attacked this problem, the mechanism 
of the change is still somewhat obscure.* Erlenmeyer, aen.,^ sug- 

1 Delacre, CkmpL rend,^ 1896, 122, 1202; 1896, 123, 246. 

 Stoermer, Bar., 1906, 89, 2288. 

8 Monatsh., 1896, 17, 276 ; 1900, 21, 156. 

« AfMoien, 1902, 822, 851. > Bgr,, 1908, 86, 1272. 

« See V^erner and Grob, Ber., 1904, 87, 2887. 

7 Ber., 1881, 14, 822. 
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gested that the action took place by the elimination of the elements 
of water, thus : 

CHav. /OH CH3V /OH .0 

>C g( — >C-C< ->(CH3)3C-C< 

CH3/I |\CH3 CH3/\/\CH3 \CH8 

jOH'HjCHa CH2 

but apart from the improbability of alkyl and aryl radicals losing 
hydrogen in this way, the theory has been rendered untenable by 
the experimental work of Montague ^ and Lindner. ' A more plausible 
explanation, which is supported by a certain amount of evidepce, is 
that, if an intermediate compound is produced, it will take the form 
of an anhydride. 

CH3V /CH3 

>c— c< -► (ch3)3c . co . ch3 
ch/\/\ch. 



Y 



Such anhydrides have been obtained by the action of sodium ethoxide 
on the chlor- and iod-hydrins of the glycols, 

CeHjy CgHftv C0H5V 

>C(OH).CHaCl -•► >C— CH2 -^ >CH.CHO 

CH3/ CR/\y ge/ 

O 

by the action of alcoholic potash on the glycol ethers, and in other 
ways, and are readily converted into aldehydes and ketones on 
heating with sulphuric acid.' As in the above example, it does not 
necessarily follow that migration of a radical always accompanies the 
change. Tiffeneau,^ in the course of an elaborate inquiry, has de- 
termined the conditions under which migration occurs when halogen 
add is removed from an iodhydrin or water from a glycol. He con- 
cludes that the process is determined by loss of water without the 
formation of an intermediate product 

CH3V /CH3 CH3V /CHs 

>C(OH) . CCOH)< -^ >0~C< 

CH3/ XIH3 CH3/I IN3H3 

which, being unsaturated, causes rearrangement of radicals. 

1 B$c trao. chim, Pttya-Baa, 1905, 24, 105. 
s Monaish, 1911, 82, 408. 

> Tiffeneaa, CompL rend., 1905, 140, 1468, 1595 ; Klages, Ber., 1905, 88, 1969 ; 
1906, 89, 1758 ; Paal and W^eidenkaff, Ber., 1906, 89, 2062. 
* Ann, Chim. Pky8.j 1907, 10, 822; Abstr. Chem. Soc., 1908, 1, 805. 
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This view is also adopted by Meerwein,^ who examined the following 
type of reaction in which the ring structure is altered : 



CM] • CH2V jGB.^ CHo^OBL-^CO 

I >C(OH)-qOH)< -^ I I 

CH,— CH/ \CH3 CH,— CH,-qCl 

In the case of the diphenylcydohezyl glycol, the ethylene 
which is fonned, appears to be very stable. 

C Hg C Hg Q n C Hg C Ha jn -n 

HaC/^ \c(OH) . C(OH)<^' * -^ HjO<(^^ \(>-0<^* ^ 
CHTCH, ^•^^ H^cnCBjV^ ^€^5 

Like Tiffeneau, he regards the change as a simple intramolecular 
rearrangement in which migration is determined in the first place by 
instability caused by the unsaturated carbon and oxygen atoms and 
then by the nature of the radicals and the relative stability of ihe 
hydroxyl groups, so that in one case the pinacoline and in another 
the ethylene oxide may be formed. 

Another yiew, which is favoured by Faworski ' from observatioiis 
on the action of sulphuric acid on ethylene and glycol, is that, as ihe 
principal product is diethylene oxide, which readily breaks up into 
acetaldehyde, the initial stage may be one of polymerisation with loss 
of water yielding a diethylene oxide. 

CH2OH CH2-O— CHa CH3 0-CH 

2 1 -i. I I -^ I + I 

CHaOH CH2-O— CHa CH— O CHs 

Ethylene glycol. Diethylene oxide. Acetaldehyde, 

Polymeria oxides of this type are often produced along with the 
simple oxides, and break up, like the latter, into aldehydes and 
ketones. 

Hydrobenzoin, for example, isomerises in the following way : 



i 1 

CeHj . CH— CH . CeH^ (CeH5)aCH-CH0 

00 -♦ + 



.CH— r 



CeHs . CH— CH . CeH^ OHC— CHCCeH,), 

J t 



1 Annalen, 1910, 876, 152 ; 1918, 896, 200 ; 1914, 406, 129. 
* 1907, Joum. Rus8, Phys. Chem, Soe,, 1906, 88, 741. 
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Schroeter ' has atiempied to explain the formation of benzilic acid 
from benzil on the principle advanced by Stieglitz and adopted by 
TifPeneau, namely, that the unsaturation of an atom is a source of 
instability and consequently of atomic rearrangement, and that in 
the case of benzil the removal of an atom of oxygen produces diphenyl 
ketene, which then reunites with the oxygen and potassium hydroxide 
to form the salt of benzilic acid. 



yiOH 

C«H,.CO C«H..C^i 



C.H. . CO 



OK 



>C : CO 



^\- 



CcHi 



gxxg . w C^jHg . CO ^6"6 

KOH+0 C«H 



X 



>C(OH) . 



CO. OK 



In order to test this view, he prepared azobenzil and foimd, as he 
anticipated, that on heating in benzene solution it loses nitrogen and 
gives diphenylketene, whilst in methyl alcohol solution benzilic ester 
is formed. 

CgHj.Cc^ II CeH5.C< CgHsv 

|\N -> I -> >C:CO 

CeH^.CO CeH,.CO C,u/ 

The wandering of a methyl group from one carbon atom to another 
is occasionally met with among other groups of compounds. Blaise ^ 
found that aa-dimethylglutaconic acid on reduction with hydrogen 
iodide gives oai-dimethylgluconic acid, 

CH3 

HOOC.C.CHrCH.COOH -► HOOC.CH.CHo.CH. COOH 

I I I 

CH3 CHs CHj 

and among aromatic compounds a similar process has also been 
observed. Baeyer' has shown that by exhaustive bromination of 
euterpene, isogeraniolene, and similar compounds, the methyl group 
changes its position in the ring. Euterpene gives ethyl o-xylene 
probably in the following steps : 

> Ber,, 1909, 43, 2336. ' Compt, rend,, 1903, 136, 881. 

* B0r., 1898, 81, 2067 ; 1899, 32, 2430. 
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CH. 



H,0 



C 



CH 



HC 

II 
HC- 



CHj 
CH, 

CH, 



K 



Euterpene. 



CH, 

I * 

c 

CH, . Qj^|CH 

HolJcH, 

C 

CH, CH, 
Iiit«nnedi«t« oomponnd. 




C,H, 

Ethyl ^zyl«ne. 



whilst isogeraniolene gives bromine derivatives of two trimethyl 
benzenes. 



CH, CH, 

\/ 

C 

H,c/\CH 



ly 



H, 



V 



C.CH 



8 



CH, 

Isogeraniolene. 



CH, 

I 
C 

HC/\3.CH 



HO^ J\/ • CIX3 
CH 

v-Trimethylbenzene. 



CH, 




8 CHji • Or .CH 

and 



s 

m 

CH 

Pseudoonmene. 



cLjc . CH, 



Also Crossley and Le Sueur ^ have found that dimethyl dihydro- 
resorcinol yields %vith phosphorus pentachloride a small quantity of 
an o-zylene derivatiye. 

Similar isomeric changes have been obsenred by Auwer%' Bam- 
berger^' and Kishner/ 




HO.CL DC. OH 
CH 

Dimethyl 
dihydro-resorcinol. 



CH3 CHtt 

Y 

HgC/\cH 

cioL Jcci 

Dichloro-dimethyl 
dihydrobenzene. 



and 



CH3 

I 
C 

hc/Nj.ch, 
cicL^cci 

CH 

Diehloro-o-xylene, 



1 TVotu. Chwi. Soc,y 1902, 81, 827. 
« AnfuUen, 1907, 862, 44; Ber., 1911, 44, 688. 
« Bcr,, 1903, 36, 1626, 2028 ; 1907, 40, 1898. 
* Joum. ru88, p/iys.'chim. Ges,, 1908, 40, 676, 994. 
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Migration of Raillcftlg (from Oxygen to Carbon). Claisen^ 
£6und that isoaeetophenone ethyl ether when boiled under pressure 
ehanges into phenylpropyl ketone. 

CeH^qOCaHg) : CH2 -^ C,.na . CO . CHj . C2H5 

Isoaoeiophenone ethyl ether. Phenylpropyl ketone. 

!He also showed that the acetyl deriyative of hydrozycrotonic ester 
(from acetoacetic ester, acetyl chloride, and pyridine) was transformed 
l>y means of potassium carbonate and a little acetoacetic ester, or by 
sodium acetoacetic ester into diacetoacetic ester.* 

CHs CH. 

I I 
C.O.COCH. CO 

II - I 

CH CH . COCHo 

I I 

COOC2H5 COOC2H5 

The corresponding alkyl deriyatiyes do not undergo this conyersion. 
Acetophenone O-benzoate,' on the other hand, is converted in much 
the same way by the action of metallic sodium and a little aceto- 
phenone into the sodium compound of dibenzoylmethane. 

CeH5CO(CO.C,H5):CHa -► CeHgCO. CHg. COCeH^ 

These reactions are attributed by Claisen to the displacement by the 
alkali metal of the acid radical, which is thereby thrust on to the 
adjoining carbon atom. He perceiyes in the aboye isomeric change 
the cause of the formation of diacetoacetic ester when acetyl chloride 
acts upon sodium acetoacetic ester. The unstable 0-acetyl deriyatiye 
which is first formed passes into the stable C-acetyl compound (p. 316). 
The theory fails, howeyer, to explain the non-appearance of the yery 
stable 0-alkyl derivatives when the alkyl iodides react with the 
sodium compound.* 

A reaction of a character similar to the foregoing is the conversion 
of the acetyl derivatives of the polyhydric phenols into acetyl deriva- 
tives of the cyclohezanones when heated with zinc chloride." 

CH CH.CO.CH3 

CH3C0 . oc/Nco . C0CH3 oc/Nco 




1.3' 



CH,CO . HdJCH . COCHj 



COCHs CO 

Triacetyl phloroglacinol. Triacetyl cyclohexatrione. 

» B«r., 1896, 20, 2981. « Ber., 1900, 88, 8778. 

> Claisen and Haase, B«r., 1908, 86, 8678. 

* See also Dleckmann and Stein, Ber,, 1904, 87, 8892. 

ft Heller, Ber., 1909, 42, 2786 ; 1912, 46, 418. 
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Eolbe's well-known salicylic process in which phenyl sodium car- 
bonate is converted into sodium salicylate may be included in the 
same group of reactions.^ 

yOR 

CeHg.O.COONa -► CeH4< 

\COONa 

From Ozsrgen to Vitrogen. Examples of the transference of an 

alkyl group from oxygen to nitrogen are very numerous. Hofinann 

and Olshausen' and also Pomarew' found that normal ejranuiic 

esters pass into the isocyanuric esters on heating. Wislicenus and 

KOrber^ found that the 0-ether of hydroxycaffeine passes into the 

N-ether (Part III, p. 116), and Wheeler and Johnson* showed that 

imino ethers are converted into alkyl amides on heating with alkyl 

iodides. Benzimino ethyl ether, heated to 100° with ethyl iodide, 

yields ethyl benzamide* 

H ^NHCjH^I 



M)C,H^ N 



'2"6 ^OCjHj 

<NHC,H5 
+ CjHfil 

That the reaction may be brought about by addition of alkyl iodide 
seems not improbable from the following observation of Wislicenus 
and ECrber/ 

These chemists observed that when an ethereal solution of benzi- 
mido chlorethyl ether (obtained from benzonitrile and ethylene 
chlorhydrin^) is evaporated on the water-bath an oil remains which 
on further heating momentarily becomes solid and then melts again. 
If this solid is removed and dissolved in water it gives a precipitate 
of siWer chloride when silver nitrate is added. The liquids do not 
react in this way, and the solid is therefore the chloride of a base. 
This reaction is interpreted as follows : 



^NH /N(HC1) . CH, 



.ce -^ c.H5.c< I 

X) . CH, . CHjCl X) CH, 

0-Ether of benzamide Intermediate product 

(liquid). (solid hydroehloride). 

xNH . CH, . CHjCl 

N-Ether of benzamide (liquid). 
Wislicenus and (^oldschmidt ' noticed that in many cases (benzimino 

1 Sluiter, Ber., 1 912, 46, 59. < Ber,, 1870, 8, 272. 

s B«r., 1885, 18, 8269. « Ber., 1902, 85, 199. 

B Amer, Chem, Joum., 1899, 21, 187. ' • B$r., 1902, 86, 164. 

7 Gao -el and Neumann, Ber,, 1892, 26, 2886. ' Ber., 1900, 88, 1467. 



FROM OXYGEN TO NITROGEN 865 

ethyl ether is an exception) mere heating will convert the imino ether 
into the amide. The imino ether of formanilide slowly changes at 
200° into ethylformanilide, 

CeH^N : CHOOjHfi -♦ CeH5N(CjH6)CHO 
Lander,^ who has repeated the experiments, finds this isomeric 
change, by heat alone, not easy to effect in any case, and does not 
regard it as a simple transformation; but adopts the view that 
addition occurs and takes the following form : 

.NRi .NR^R3 

CaH^.C^ +R3I -i. CeH^CfVi \ 
\0R2 \n: 



CeHs . CC^ 



0:R«i 

•  

NR1R3 

+ R«I 



The formation of an intermediate ring structure, such as that 
which Wislicenus and KOrber assumed to exist in the reaction just 
described, has been actually shown to exist in the conversion of 
0-benzoyl salicylamide into N-benzoyl salicylamide by H^Kyonnan 
and Titherley,* who have succeeded in isolating all three acetyl 
derivatives, 

/CO . NHjj /CO . NH 

CeHZ :^ CeH/ I 

\0 . COCeHg M) — C(0H)CeH5 

/CO . NH . COCcHj 
7^ C,H / 

\0H 

and the reaction is reversibla 

Similar changes have been observed and very fiiUy investigated by 
Auwers * in which acyl radicals of aminophenols migrate from oxygen 
to nitrogen. 

\nHjj f^NH . Ac 

Jo. Ac "* I Jo] 




»H 

He finds that migration takes place spontaneously when the nitrogen 
is in the a, ^, or y position in an ortho side-chain, if the nitrogen 
group is sufiiciently basic, but a diminution in the basic character of 
this group or in the acid character of the acyl group retards the 
migration but does not altogether arrest it. Further, the relative 
weight of the acyl group is a &ctor in the transformation, the lighter 
the group, the more easily, as a rule, is the migration effected, 

1 Trant. Chem. Soc, 1903, 88, 411. 

> Thnw. Ckem. Soc, 1906, 87, 1207 ; 1906, 89, 1818. 

> ilfitialm, 1909, 364, 147 ; 366, 278, 291 ; 369, 209. See also Stieglitz, Amor. 
Chm. Jowm^ 31, 468 ; Ransom, Ber., 1900, 83, 199. 
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provided the basic character of the nitrogen group is sufficiently 
pronounced. 

From Nitrogen to Carbon. The interchange of radicals between 
nitrogen and carbon is presented by the conversion of alkyl isocyanides 
into cyanides at a high temperature.^ 

R.NC -♦ NCR 

Beoknuuin Cliaiiga (from Carbon to Vitrogen). The reaction 
has already been described and consists of an interchange of organic 
radical and hydroxyl in the oximes (p. 284). A simple illustration is 
the conversion of acetophenoneoxime into acetanilide^ which is 
usually explained in the following fashion : 

CeHj.C.CH. HO.C.CHj 0:C.CH, 

II -^ II -»^ I 

HO.N CeHgN CeH^NH 

Acetophenoneoxime. * Acetanilide. 

The change can be effected by numerous reagents, such as the 

chlorides of phosphorus and other organic and inorganic add 

chlorides, sulphuric and hydrochloric acid, acetic acid, and anhydride 

and phosphorus pentoxide. The reaction can be applied not only to 

the oximes of open chain aliphatic and aromatic ketones, but to those 

of cyclic structures like a-hydrindone-oxime which changes into 

hydrocarbostyril,* 

CR 



CeH,<^ 



NH— CO 



Ha — > CgH^^ 




NOH 
and isonitrosocamphor which passes into camphorimide>* 

.0 : NOH 9^ 

C,Hu<g^ — C,H„<Q>NH 

Another curious manifestation of the Beokmann change is the ocn- 
version of cinnamic aldoxime into isoquinoline.* 

CjH, . CH : CH . CH HO '■ CH 

HO.N ~* CeHj.CH-.CH.N ~*^ 
Cinnsmio sldaxima. 

JOB. - N 

C,H,< 1 

XIH-CH 

Ifloqumolin^. 

1 Wade, Trans. Chem. Soe., 1902, 81, 1696. * Kipping, Proc. Chem, Soc, 1898, 9, 840. 

' Angeli, Seal Accad. tf«t Lincei (6), 1, 441. 

* Bamberger, Goldsohmidt, Ber., 1894, 87, 1965. 
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The mechanism of the change in spite of careful study is still very 
obscure. The original reagent, phosphorus pentachloride, used by 
Beckmann, and the formation of benzanilide iminochloride from 
benzophenoneoxime^ which was isolated in the course of the decom- 
I>oaitiony rendered it probable that the hydroxyl was replaced by 
chlorine and then underwent rearrangement. 

OA.O.C.H. P^ 0.n..O.CH._^ 
NOH Na 

CeH. . CCl HjiO CaHg . CO 

II -" I 

N.O.H, NHCeH^ 

But the action of other reagents like sulphuric acid cannot be ex- 
plained in precisely the same way. The radical of the acid might, 
however, enter in place of hydrogen or hydroxyl and render the 
latter labile and more prone to rearrangement. The behaviour of 
y-benzilmonoxime towards benzenesulphonic chloride, with which it 
combines in pyridine solution, renders some such explanation prob- 
able. It is represented by Werner and Piguet ^ in the following way : 

C-Hg. C. CO. C-H. HOc C. CO. CeH. 

II -* II 

HON CeHjN 

CeH^SOa . O . C . COCgH^ 

-^ II 

CeHsN 

If this is a correct interpretation it indicates that the process is 
not dependent in the first instance on the hydroxyl being replaced by 
a negative group, although there is nothing to show that the inter- 
change precedes rather than follows combination with the sulphonic 
chloride. 

The smaU quantity of phosphorus pentachloride or oxychloride 
necessary to convert benzo- and aceto-phenoneoxime into the corre- 
sponding anilide, and the trace of acid chloride required to transform 
benzaldoxime benzyl ether into benzylbenzamide, 

C^Hg . CH— N . C7H7 -► CaH5CO.NH.C7H7 



O 

Benzaldoxime-benxyl ether. Benzylbenzamide. 

led Beckmann ' to formulate the somewhat vague hypothesis that the 
process consists in the transposition of electrically charged radicals 

1 Bff., 1904, 87, 4295. * Ber., 1894, 27, 800. 



868 COMPLETED ISOMERIC CHANGE 

or ions, and that the reagent merely acts as a catalyst by increasing 
the velocity of the interchange 

Stieglitz^ takes a very different view of the mechanism of the 
process. He groups together under one head the Hofmann method 
for converting amides into amines, 

"iSTcONHBr -> CO:NR + HBr 

Curtius' process for producing urethanes from azides, 

R. CO. Ng + CHaOH -= NHR. COOCHs + Nj 

including the formation of methylene phenylimine from benzyl 
azide 

CeHfiCHaNg - CH^ : NCeH^ + N, 

the conversion of acyl hydroximic salts into carbimides,* 

B.CC = COiNR + CHa. COOK 

^NO . COCH3 

and the Beckmann change. In all of these reactions the radical 
passes from carbon to nitrogen, and a general explanation has been 
furnished to include them all* 

Stieglitz shows that the various changes described above are 
completely arrested if a radical is attached to the nitrogen atom, as 
for example in acetylchlorimino-amyl ether CH3 • CO . NClCCsHi J 
and in the chlorimino ethers of the formula RC( : NC1)0R\ This is 
scarcely surprising in view of the stability of the imino ethers (p. 212). 
Nevertheless, he infers that before the change can occur a univalent 
nitrogen atom must be present The bromamide, azide, and acyl 
hydroximic salts yield R • CO . N< and the oximes yield 

The same view of the Beckmann change is taken by Schroeter,' 
who formulates the reaction as follows : 

^HCl Ry .CI -H2O Ry >C1 

C:NOH -i^ >C< -* >C< 

Ri/ ^NHOH Ri/ \n< 

The experimental proof is afforded by heating the diazide (obtained 
from benzophenone dichloride and sodium azide) which at 150^ loses 
nitrogen and gives a tetrazole derivative, whilst at the same time^ 

^ Amer. Chem, Joum., 1896, 18, 751 ; 1908, 29, 49, 289 ; 190S, SO, 899, 412. 
^ HantzBch, Ber,, 1894, 27, 1256. > Ber^ 1909, 2886, 8856. 
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and this is the essential feature, the radical wanders from the carbon 
to the nitrogen atom. 



.N, 



'6H5C^ 



;N- 



-N 
II +N, 



(C6H5)2C<^ = Ce 

\N3 ^N(CeH5)N 

The objection has been raised that in the case of two stereoisomerio 
ketoximes the above reaction would yield identical amides, seeing 
that according to the Hantzsch- Werner hypothesis the double bond, 
upon which the theory is based, disappears in the intermediate 
product* 

In the present incomplete state of the investigation it is scarcely 
profitable to pursue the argument further ; but it may be pointed out 
that an explanation which includes only a few arbitrarily selected 
cases out of a large number of isomeric changes is not likely to lead 
to a satisfactory generalization. 

Itigr a t i on of Badicals from Side-Chain to Vudevs (from 
nritrogen to Vnclear Carbon). This is a type of conversion which 
is most commonly experienced. It includes the reaction of Hofmann 
and Martins,' which consists in heating the hydrochloride of aromatic 
methylamino compounds to 250-850° when the methyl group is 
transferred £rom the nitrogen to the o- and j>-carbon of the nucleus 
and the nuclear hydrogen to the nitrogen. 





[(CHj) 


A 


[3 

CHa 1 
and 


NE 

A 


[. 


\/ 


0-' 


Toluii 


lin.. p-l 


olaid 


[3 
ine. 



The process may be repeated until a second or third methyl group 
is introducedi when it comes to an end. 



NHa 
AcH. 

CH, 

2:4-X7Udin«. 



NH 



2 



CHjAcH, 
CHj 

2 :4:6-Camidin6. 



An analogous reaction is the formation of a-alkyl pyridines from the 
alkyl pyridinium iodides (Part III, p. 267), 

1 MonUgne, Ber., 1910, 48, 2014. See alao Schroeter, Ber,, 1911, 44, 1201. 
s Ber., 1871, 4, 742 ; 1872, 5, 704 ; 1874, 7 626. 

PT. n B b 
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/\ 



N 

/\ 
I B 



/\ 



N 



R 



and phenylmethyl pyrazole from phenylpyrazole methyl iodide.' 




CaHkNvv JC • GH3 



HC— CH 

CjHjNL JCH "^ 

N 

Fischer and Hepp ^ found that the nitrosamine of monoxnethyl- 
aniline when treated with hydrogen chloride in alcohol solution passes 
into p-nitroso-methylaniline. 

N(N0)CH3 NHCH3 



\/ 



NO 



Bamberger' discovered that phenylnitramine undergoes a similar 
change to a- and 2>-nitraniline in presence of mineral acids even in the 
cold. 

nh . no2 nh, nh, 

/\ /Nno, /\ 

and 



V 



v 



NO, 



A number of interesting observations have been made by Orton * 
on the isomeric change of halogen substituted phenyl nitrames in 
which the nitro group may either remove the halogen in the nucleus 
and replace it, 

NH . NO2 NHj 



Br 



NOg 



or merely cause it to shift its original position as in the case of the 

1 Balbiano and Maschetti, Real Acad. Lincet, 2, (1), 114. * JBdr., 1886, 10, 2991. 
s Bar., 1898, 26, 471, 482 ; 1894, 27, 859 ; 1897, 80, 1248. 
* Trans. Chem. Soc, 1905, 87, 889 ; 1908, 93, 725. 
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2-6 dibromo-phenylnitramine, which yields both the 2-6 dibromo 
4 nitraniline and the 24 dibromo 6 nitraniline. 

Phenylsulphamic acid, C^HsNII . SO3H, which Bamberger and 
Hindermann ' obtained by the action of sulphur dioxide on phenyl- 
Ivydrozylamine, changes in the cold into aniline OHSulphonic acid on 
the addition of acetic acid and a few drops of sulphuric acid. 

NH . SOjH NHa 



\/ 



\/ 



Bamberger and Kunz* further observed that on heating the ortho- 
compound to 180-190° with strong sulphuric acid the latter was 
converted into the para-compound (sulphanilic acid). The above 
changes may indicate the course of the reaction between sulphuric 
acid and aniline at a high temperature, which is the common method 
for preparing the sulphanilic acid. Similar to the changes studied by 
Bamberger are the conversion of diacylanilides into acylamino ketones' 
by means of zinc chloride, 

/~Sn(CO . CHa), ^ CH3 . C0<^ \nH . COCH3 

and the transformation which acylchloro- and bromo-anilides, &&, 
undergo in presence of glacial acetic acid ^ (X -: halogen). 



<^ ^NX.COCHs -^ X<(~\ 



NH . COCH 



8 



The formation of i^-aminophenols from phenylhydrozylamine and 
its derivatives by the action of mineral acids ' 



/~\nH(OH) -> Ho/ ^>NII,, 

and of j)-phenylenediamine from phenylhydrazine' by heating with 
strong hydrochloric acid to 200"^ 



/ \nH . NHg 




NH, 



are examples of the same general process. 

IKigration between nuoleiui and ■ide.ohain (between nuclear 
nitrogen and side-chaan nitrogen). Examples have already been 
given of radicals migrating from one carbon atom to another in the 
nucleus of a cyclic compound (p. 862). The same thing may occur 
where nitrogen atoms form part of a ring, or where one is in the ring 

» Ber,, 1897, 80, 664. • Bw., 1897, 30, 2276. 

* Chattoway and Leivvis, Tram, Chem. Soc, 1904, 85, 886, 589. 

* Ghattaway and Orion, Tratis. Chem. Soc., 1899, 75, 1046. 
« Bamberger, Ber., 1894, 27, 1849. 

* Thiele and Wheeler, Ber., 1895, 28, 1588. 

Bb2 
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and one in the side-chain. The latter may be illustrated by Dimroih's 
amino-triazole carboxylic esters referred to on p. 340. Here a phenyl 
group wanders between nuclear and side-chain nitrogen, and the 
process is reversible.^ 

.C(NHJ. X!{NHCeH,) 

(^^^^\^_^G.COOCR, :^ HN< XC.COOCH3 

n JN N^=N/ 

It does not follow that the phenyl group becomes detached in the 
process ; but the change may resemble the conversion of diazoamino 
into aminoaio compounds (see below). 

yC(NH^ /C(NHCeH,) 

^•^^<v— ^-^^^^^ ^ ^'^ V.COOCH, 

^ — ^ hon=n/ 

^ .CCNHCeHs) 

^ HN. Vi.COOCHs 

n=n/ 

Bansidine ConTersion. The well-known change of hydrazo- 
benzene to benzidine on boiling with mineral acids, known as the 
benzidine conversion, is analogous in many respects to the foregoing 
reactions. Zinin* found that when azobenzene is reduced and boiled 
with sulphuric acid, benzidine or jHliamino-diphenyl is formed. 
Hofmann' subsequently showed that an intermediate product, 
hydrazobenzene, is produced during reduction, and that this is the 
substance which undergoes the transformation. Schultz * then took 
up the investigation and discovered a small quantity of a second 
isomer, called diphenyline, which is produced simultaneously with 
benzidine : 

NH./( y-<^ )>NH, 

vw > V y^ Benzidine. 

Hydrazotwnzene. \ / \ y * 

NH, 

Diphenyline. 

From the formulae it will be seen that the attachment between 
two nitrogen atoms in hydrazobenzene is substituted by that of two 
carbon atoms of the nuclei, the amino groups being transferred to the 
two para positions in benzidine or to one para and one ortho in 
diphenyline. A simple way of visualizing the change is to suppose 
the two nuclei in hydrazobenzene to separate, and in the one case to 
make half a complete revolution before joining up again, and in the 
other case for one nucleus to be turned through 180^ and the other 
through 60^ before joining. 

1 Annaltn, IfiOO, 864, 188. • J. pnkL Chwi^y 1845, 86, 08. 

• JoAfMd., 1868, 484. « ^n/MOfn, 1881, 807, 811. 
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In a series of papers published by Jacobson and bis pupils' the 
results of subjecting substituted hydrazobenzenes to the action of 
hydrochloric acid have been studied. I^ for example, the para 
position to the nitrogen in hydrazobenzene is occupied in one or 
both nuclei, will the conyersion into benzidine be preyented, or, if 
not^ what will happen? The method employed by Jacobson was tc 
reduce the azo-derivatiyes, which are readily obtained, with an 
alcoholic solution of stannous chloride and hydrochloric acid. The 
hydrazobenzene compound would thus be formed and simultaneously 
conyerted into the required products, which could then be separated, 
identified, and estimated. The following changes are possible, sup- 
posing one nucleus to be substituted in the para position by E: 



B<^ ^NH-NH<^^ y 



Na 



NH 



<IXI>-^ <z>-™-<z> 

B 
Benzidine (B being detaehed). Ortho^emidine. 

Z 11 

<Z>^-<Z>^« <z>-<ci>^^« 

R 

Para-semidine. Diphenyl baae. 

in IV 

V. Decomposition of the compound into two molecules of base 
thus: 



r/^ \nH.NH<(^ N + Hj 



R<( ^NHg + HaN<(^ y 



It has been shown that all these reactions may and occasionally 
do occur, but usually the principal changes are limited to one, or at 
most two, of the aboye, the others being subordinate. 

The following table contains a summary of the results. In the 
first column are the elements or groups occupying the position R, and 
the signs 0, 1,11, and Hi indicate roughly the extent of the changes 
denoted at the head of the column. 

1 AnnaUn, 1896, 287, 97 ; 1899, 808, 290. 
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ci 

Br 
I 

OCjHb 
OCOCH, 

N(CH,), 

NH . OOCH, 

CH, 

COOH 



Benzidine 

oonversion. 

R displaced. 



I 

V 



II 




III 



Ortho- 


Pan- 


semidine. 


Bemidine. 


Ill 


1 


III 


1 


II 





III 


II 








1 








III 


III 


? 


? 






Diphenyl 
base. 



Ill 

III 

III 


III 

III 


9 





Ortho- 
•emidine. 


Para- 
semidine. 


Deoom- 
poeition. 


42 


U 


86 


60 


21 


20 



The following table contains the percentage amount of product 
representative of each change where one or both para positions are 
occupied : 

Azo-componnd. 

/ Nn/ )>oc,h, 

CHT 

<r~]>N,<(~^C,H, 

CH,<(^ ys^ ^OCH, . CH(CH,), — 
CH,<( )>Na<(^ ^OCH, . CeH. ^ 



28 



18 



47 



61 



26 



cb/^ 



CH, CH, 

CUT CH, 



29 



48 



60 



86 



10 



"CH, 



<^"C>'^'^ 




/ \ 



bn; cHp 



OC,H, 



63 



60 



41 

86 

84 

72 
77 
78 
88 

18 

SI 

43 

44 
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The main points of interest to be deriTod from the aboye table aie, 
firstly, that sobstitation of bothj^positions determines decomposition 
into two molecules of base, and, secondly, that the presence of methyl 
groups in the ortho position to the azo group, irrespective of the 
nucleus, diminishes the ortho-semidine conyersion. The latter obser- 
yation appears to be intimately connected with those anomalous 
reactions which are discussed under sUrie hmdranee (Part I, p. 830). 

A change closely analogous to the benzidine conyersion has been 

observed by Ingle and Mann' in the action of alkalis on dibenzal- 

phenylhydnuEone, which passes into bemdlpheBylhydrazone. 

CeHjCH : N . N . C^H^ C^Hfi : N . NHCeHj 

I -^ I 

CeH^CH : N . N . C^K^ C^Ufi : N . NHCeH^ 

T'^n***^''"^'**^Aininim»ft CfOnyendon. The conyersion of diazo- 
amino compounds into aminoazo deriyatiyes by the action of a small 
quantity of hydrochloride of the aromatic base was discovered by 
Kekuld in 1866. 

C^HgN : N . NHCeH, -► CeH^N : NCeH^NHj 

Nietzki * found that a similar reaction failed with |>-diazoamino- 
toluene and |>-toluidine hydrochloride, but was successful if the 
toluidine salt were replaced by the hydrochloride of o-toluidine or 
aniline, giving rise to the following two products : 



CH 



CH3 

l>-Toliieiieazo-o-toluidine. 
l>>Tolaeneazo-anilin6. 

The failure of j9-toluidine to combine was due to the fact that the 
azo nitrogen attaches itself by preference to the carbon para to the 
amino group, and in jp-toluidine it is already appropriated. Never- 
theless, the reaction with j>-toluidine was subsequently found by 
Zincke and Jaenke ' to yield a certain quantity of p-tolueneazo-|^ 
toluidine, in which the azo nitrogen attaches itself to the carbon in 

the ortho position to the amino group. 

CH3 

j>-Tolueneazo-i>-toluidine. 

* Trans, Chem, Soc., 1895, 67, 606. • B«r., 1877, 10, 666. 

> Ber., 1888| 21, 648. 
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The same observers, in the course of the same inyestigation, made 
it quite clear that the conyersion is the result not of an intramole- 
cular, but of an intermolecular process, for they obtained aminoaEo- 
|^toluene from diazoaminobenzene, and |>-toluidine hydrochloride 
dissolved in |)-toIuidine. 

CeHfiN : N . NHCeH^ + 2CH3CeH4NH2 . HCl 

6 
1 /CH3 

= CH3CeH4N : N . CgHa^ + 2CeHaNH2 . HQ 

2 

A much more complete study of the change has been carried out 
by Goldschmidt and his collaborators.^ They have followed the 
course of the reaction, where interchange of radicals was effected, by 
determining the alteration of fireezing-point and the nature of the 
products formed during the conversion. In this way they found 
that the interchange of radicals occurs in the diazonium stage, that 
is, before the aminoazo conversion sets in. They interpret the results 
as follows: the production of aminoazotoluene from diazoamino- 
benzene and ^toluidine hydrochloride dissolved in jp-toluidine con- 
sists in the formation of an additive compound of hydrogen chloride 
with diazoaminobenzene, which is very unstable, and in which aniline 
residues are replaced by toluidine residues. 

CeHfiNH C7H7NH 

Na + 2C7H7NH2 = NQ + 2CeH5NH, 

CeHgNH C7H7NH 

The product in presence of a large excess of toluidine then unites 
with another molecule of p-toluidine, 

C7H7NH C7H7NH 

N : CI + H i C^HeNHg = N . C^He . NH, + HCl 

/ • " / 

C7H7NH C7H7NH 

which breaks up into toluidine and aminoazotoluene. In subsequent 
papers, already referred to (p. 857), the velocity of the change diazo- 
amino-aminoazo has been studied and shown to follow the mass law 
for unimolecular reactions. 

1 £er., 1892, 26, 1847 ; 18%, 29, 1869, 1899. 



CHAPTER VII 

THE BENZENE THEORY 

At a time when the paraffins and their derivatives, known as Hhe 
fatty compounds', formed a well ordered and compact group of 
closely related substances, there remained an unclassified collection 
of vegetable products, such as balsams, resins, essential oils, and 
their derivatives, which, from their pleasant perfume, received the 
name of ' aromatic compounds '. 

A closer study of these aromatic compounds revealed a connection 
between certain members similar to that which had long been 
recognized among the derivatives of the paraffina Thus toluene, 
G7Hg, obtained by distilling tolu balsam, bore the same relation 
to oil of bitter almonds and benzoic acid as ethane to acetaldehyde 
and acetic acid. 



C^Hg 


C,H,0 


C,H,0, 


Toluene. 


Oil of bitter almonda. 


Benzoic acid. 


CA 


C2H4O 


C2H4OJ 


Ethane. 


Acetaldehyde. 


Acetic acid. 



Cymene, C10H14, cuminol, C10H12O (from Boman cumin oil), and 
cumic acid, CioHijOj, prepared by oxidation of cuminol, showed 
a similar relationship. The first of each series was a stable 
hydrocarbon, the second exhibited the properties of an aldehyde, 
and the third was an acid. 

But notwithstanding the parallelism which appeared among 
members of the aliphatic and aromatic groups, a sharp line divided 
them; indeed, many years elapsed before any direct synthesis 
of a member of the one group from that of the other served to 
establish a link between them. 

Among the members of the aromatic group there existed a certain 
family resemblance which was easy to recognize. They contained 
a higher proportion of carbon than the fatty compounds, and 
on being broken up into simpler substances, it was found that the 
products, such as benzene, G^Hq, phenol, GgHgO, picric acid, 
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CeHgNjO^, &c., contained 6 atoms of carbon. Any attempt to pass 
beyond this point and to form substances with 5 or fewer carbon 
atoms, generally resulted in the complete disintegration of the 
molecule. 

Xekul^s BMuene Fommla. Eekul^ was the first to draw 
attention to these facts in his ' Ghemie der Benzolderivate *, published 
in 1867, and based upon them a theory which shed a new light on this 
obscure comer of chemistry. The rapid development of the aromatic 
group of compounds, which has now become the predominant 
partner in the two great divisions of organic chemistiy, must be 
attributed in a great measure to this theory which Eekul6 expounded 
in the foUowing words: 

'In order to determine the atomic constitution of the aromatic 
compounds the following facts must be considered : 

* 1. All aromatic compounds, even the simplest, are comparatively 
richer in carbon than the corresponding class of fatty compounds. 

' 2. Among the aromatic substances, as among fatty compounds, 
numerous homologous compounds exist. 

'8. The simplest aromatic substances contain at least 6 atoms 
of carbon. 

'4. All decomposition products of aromatic substances show a 
certain family resemblance; they belong to the group of aromatic 
substances. In more vigorous reactions a part of the carbon in the 
form of compounds of the fatty group is eliminated, but the main 
product is always aromatic and contains at least 6 atoms of carbon 
(benzene, quinine, chloranil, phenol, oxyphenic acid, picric acid, &c). 
The decomposition stops with the formation of these products^ unless 
complete destruction of the organic group ensues. These facts, 
which have been recognized as of general application, justify the 
supposition that in all aromatic compoimds there is one and the same 
atomic group or common nucleus, which consists of 6 atoms of 
carbon. Within this nucleus the carbon atoms are in a certain 
closer connection or denser combination, from which it follows that 
all aromatic compounds are comparatively rich in carbon. More 
carbon atoms can then be added to this nucleus in the same manner 
and according to the same laws which govern the fatty compound& 
In this way the existence of homologous compounds may be 
explained.' 

Kekuld then proceeds to show how these 6 atoms of carbon 
may be so united as to leave 6 single combining imits free. In 
conformity with his view of the constant valency of carbon, Eekul^ 
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supposes that every alternate linkage is a double one. Six carbon 
atoms thus arranged in an open chain will have 8 free combining 

units, 

— C = C-C = C— C = C— 

I I I I i I 

but if the two end carbon atoms are linked together, a closed chain 
of carbon atoms results with 6 free combining units, 

C = C— C = C— C = 

i I I I I I 

which he represented by the following graphic formula : 




If each of the free linkages is attached to a hydrogen atom, the 
formula for benzene is obtained, and i is usually represented in the 
following manner: 

CH 

Kekal4!*a formula for Benzene. 

This formula therefore postulates three ethylene linkages. Evidence 
in favour of such an unsaturated closed chain is afforded by the 
existence of additive compounds of benzene with 2, 4, or 6 atoms 
of hydrogen, chlorine, or bromine, and three molecules of hypochlor- 
ous acid, CgHe(HC10)3, but no more. The isomeric hydrocarbon, 
dipropargylj which is obtained from diallyl tetrabromide by removing 
hydrogen bromide with potassium hydroxide, 

CHjBr . CHBr . CHj . CHj . CHBr . CHaBr + 4K0H 

Diallyl tetrabromide. 

= CHiC.CH,.CHj.C:CH + 4KBr+4H20 

DipropargyL 
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is undoubtedly an open-chain compound, since it requires 8 additional 
atoms of the above three elements for saturation. Dipropaigyl abo 
is very sensitive to oxidising agents, whereas benzene is marked faj 
great stability, an indication in itself of some fundamental differenoe 
in structure. 

Further evidence for the existence of ethenoid linkages in benaene 
is the formation of a triozonide (Part I, p. 121) 

yO— 

HO ' 



O— HCr^iCH 



< 1 



HC \ 
\ 



O 



0—0 

Benzene triozonide. 

of a compound with diazoacetic ester aocording to the BucIma^ 
Curtius reaction for unsaturated compounds (Part I, p. 204) 

CH 

II >CH . COOCjHb 



HO 



CH 



CH 



CH 
HC/\£.N=N 



HC 



CH 



C.COOCgHj 



CH 

HG^N^H • 

NCH . COOCjHj 

CH 



and the exaltation of molecular refractivity and magnetic rotation 
(pp. 80, 54) produced by an unsaturated side-chain when conjugated 
with benzene. 



Von-Olefinic Character of Bensene. But, on the other hand, 
the affinity displayed by the olefinic hydrocarbons for the halogens 
is not exhibited to an equal degree by benzene and its homologues. 
The halogens form additive compounds with benzene only in 
presence of sunlight, and the hydrogen halides do not combine at alL 
There is consequently no strict analogy between the two dasses 
of olefinic compounds. The difference is further emphasized by the 
action of oxidising agents upon benzene and its homologue& Benzen« 
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itself is highly resistant, but if a side-chain is present it is attacked 
and converted into carboxyl, whilst the benzene nucleus is un- 
touched. Thus methyl and ethyl benzene form benzoic acid on 
oxidation. The very opposite result might have been anticipated 
from the well-known behaviour of olefinic compounds, which, on 
oxidation, break down at the double link. Indeed, so commonly 
does this occur that the rapid reduction of an alkaline solution 
of permanganate in the cold was used by Baeyer ^ to ascertain the 
presence of an ethylene linkage in unsatiurated acids. It is an interest- 
ing fact that cyclo-octatetrene, the imsaturated S-carbon ring com- 
pound obtained by Willstfttter,^ though it exhibits points of similarity 
-with benzene, behaves as a true ethenoid compound with 4 double 
bonds, forming additive compounds readily with 4 molecules each of 
hydrogen, hydrogen halides, and the halogens, and reducing perman- 
ganate in the cold (p. 29). 



HC/ 



HC CH 

CH 



Cff 



)CH 



CH 



General Pro p er tl ee of Aromatic Componnde. We have now 
to consider the action of reagents in forming substitution products, 
and to compare those products with similar compounds of the 
aliphatic series. By the term * aromatic ' is usually denoted not only 
benzene and its derivatives, but other closed-chain compounds, such 
as naphthalene, anthracene, pyridine, thiophene, &c., which show 
the general behaviour of benzene. The terms henisenoid and cyclic 
are synonymous with aromatic 

An important characteristic of the aromatic compounds is the 
acidic nature of the nucleus. This is observed in. the phenols, 
which correspond to tertiary alcohols in constitution, yet behave like 
weak acids, and dissolve readily in caustic alkalis ; in the amines, 
which like aniline are weak bases whose salts redden litmus, or like 
triphenylamine, which forms no salts at all; in substances such 
as benzyl cyanide and desoxybenzoin, which contain a replaceable 
hydrogen in the methylene group, thus resembling the 1 : 3-di- 
ketones, 

CeHj . CHj . CN CeH^ . CO . CHj, . CeHg R— CO . CH^ . CO--B 

Benzyl cyanide. Desoxybenzoin. 1 :8-Diketone. 

1 Anndkn^ 1888, 245, 146. • Ber., 1912, 46, 1478. 
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and like the 1 : 8:cliketones undergo condensation by Knoeveiuigers 
method (Part I, p. 241). Characteristic, too, is the stability of the 
simple halogen derivatives of the aromatic hydrocarbons which are 
unchanged by caustic alkalis, and in fact by most reagents, esoepting 
the alkali metals. By heaping up nitro groups in the nucleus, 
the acid character may be so far intensified that the halogen, like 
that in an acid chlonde^ can be removed by potassium hydroxide^ 
giving a phenol, or by ammonia, forming an amino compound. 

The formation of nitro com];>ound8 by the action of nitric add, 
of sulphonic acids by the action of strong sulphuric acid, and the 
Friedel-Crafts reaction, have no exact parallel among the aliphatic 
compounds. To obtain the nitro derivatives of normal paraffins 
with nitric acid, dilute nitric acid at a high temperature must be 
employed,^ although the iso-paraffins are readily attacked by the 
fuming acid,' and, for preparing the alkyl sulphonic acids^ fuming 
sulphuric acid or the anhydride is necessary.* 

We also find among the aromatic compounds diazo and azo com- 
pounds, which have only a very limited number of representatives in 
the aliphatic series. Here again the acidic character — carbozyl in the 
aliphatic and phenyl in the aromatic series — of the associated group 
seems to play a part in determining the formation of the compounds 
in question. 

CeHgNaOH CjHeOOC . CHN, 

Diazoniom hydroxide. DUzo-aoetio ester. 

Position Zsomerism. Whether or not Kekul6's benzene formula 
accounts for the distinctive characters of the aromatic compounds, is 
a question which will be discussed later; but the formula served 
another purpose. It was designed to explain the special kind of 
isomerism which is met with among these compounds and usually 
described bs position isomerism. 

The symmetrical distribution of the hydrogen atoms admits of 
only one mono-substitution product, and only one such product is 
known ; among the di>derivatives of benzene it soon appeared that 

' Konowaloff, B«r., 1892, 25 R. 108. 

* Francis and Young, Trans. Chem, Soc, 1898, 78, 928. 

' As Marckwald points out, it is scarcely admissible to draw a comparlsoii 
between benzene and the saturated aliphatic hydrocarbons. Analogies should 
be sought among the olefinio compounds of the series. Thus the hydroxy- 
methylene compounds (Part I, p. 286) which contain the group — CH(OH) 
have stronger acid properties than phenol, and halogen compounds of the type 
CH : CHCl contain a more stable halogen than the alkyl ohloridea. Also, 
a substance like cinnamic acid forms with nitric acid a dinitro compound 
NO^ . C(.H4 . CH : C(NO,) . COOH in which one nitro group replaces hydrogen 
in the olefinic side-chain and corresponds to nitrobenzene. 
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many existed in three isomeric forms. If we denote the positions of 
the carbon atoms in Kekul4's benzene formula (omitting from it 
the double linkages) by the numbers 1-6, 

CH 
HC 



<^CH 



HO 



6 8 



CH 



it is obvious that two elements or groups replacing the hydrogen 
atoms 1 and 2 will produce a different compound from that formed 
by replacing those at I and 8 and at 1 and 4. As the six carbon and 
six hydrogen atoms are symmetrically disposed, the substitution of 
the hydrogei^ atoms at 1 and 5 will be equivalent to that at 1 and 8, 
and that at 1 and 6 to 1 and 2, so that three and not more than three 
di-derivatives are possible. This was in strict agreement with the 
facts, although the direct proof of the symmetry of the molecule 
was not forthcoming until later. 

Orientation. The necessity for assigning definite positions to the 
substituents in the different series of isomeric compounds was soon 
recognized, but it was only after repeated failures that trustworthy 
methods were at length evolved. The history of the development of 
the process, which is usually known as orientation, presents many 
features of interest, but cannot be fully discussed here.^ The first 
attempts were based on pure assumptions, which being as often 
wrong as rights led to frequent confusion. Baeyer's view, that 
mesitylene being formed from acetone must therefore be symmetrical 
trimethyl benzene, has stood the test of time. 

The proof of the symmetrical structure of mesitylene was supplied 
by Ladenburg in 1874.' He prepared dinitromesitylene which gave 
nitromesidine by the reduction of one of the nitro groups. The 
nitromesidine yielded^ on nitration of its acetyl derivative, a dinitro- 
mesidine, from which, by elimination of the amino group, a dinitro- 
mesitylene was obtained, identical with the first. The positions 
occupied by the two pairs of nitro groups are therefore equivalent 
If now the above nitromesidine is converted into nitromesitylene 
and the latter into mesidine and its acetyl derivative then nitrated 
a nitromesidine is formed which is identical with the original nitro- 
mesidine. As the interchange of nitro and amino groups gives the 

^ An exoellent account is given in Roscoe and Schorlemmer's Treatise, vol. iii, 
part iii (Introduction), and also in the introduction by Richard Meyer to 
Erlenmeyer's Lehrbuch der organiachen Cftemia, vol. ii (Leipzig, 1882). 

> Bar., 1874, 7, 1138 ; AnmUn, 1876, 179, 163. 
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same compound, these two positions must be equivalent, and there- 
fore the three hydrogen atoms, and consequently the three methyl 
groups, are symmetrically arranged. As mesitylene can be con- 
verted into one of th6 xylenes and into isophthalic acid, the 
structure of the two l&tter as meta-derivatives follows. In 1870 
V. Heyer converted sulphobenzoic acid, on the one hand, into 
hydroxybenzoic acid by fusion with potassium hydroxide and on 
the other into isophthalic acid by fusion with sodium formate^ 
and thus established these two as meta-derivatives. Salicylic and 
phthalic acids, since they yielded anhydrides, were assumed to be 
ortho compounds, and consequently the third hydroxy- and 
acid (terephthalic) were para compounds. 

The proof of the structure of the two last compounds was 
by Ladenburg in 1869.^ Hubner and Petermann * had observed that 
ordinary bromobenzoic acid, which is related to m-hydroxybenzoic 
acid, gives, on nitration, two isomeric nitrobromobenzoic acids. Hie 
latter, on reduction, yield the same aminobenzoic acid, Le. anthranilic 
acid, which is related to salicylic acid. As both bromonitrobenzoie 
acids are derived from the same bromobenzoic acid, the bromine 
atom in both compounds must have the same relative position to 
the carboxyl group. The difference must therefore be due to the 
position of the nitro groups in the two compounds. But since boUi 
bromonitrobenzoic acids give the same aminobenzoic acid on reduc- 
tion, the two nitro groups must also occupy the same relative 
position to the carboxyl group. This can only happen if the bromine 
atom or nitro group is not in the para position (see p. 389); 
Consequently, the third hydroxybenzoic acid, which is related to the 
third bromo- and amino-benzoic add, must be a para compound, and 
as this acid and terephthalic acid are both related to the same biomo- 
toluene, the constitution of terephthalic acid is also given. 

XHo .COOH yCOOH 

CeH/ -> CeH / ^ CeH/ 

\Br \Br ^NH. 

yCHs yCOOH XOOH 

\CH3 \COOH M)H 

p. Xylene. Terephthalic acid. Hydrozybenxoic aoid. 

Two out of the three nitrotoluenes were brought into relation 
with the meta- and para-hydroxybenzoic acids by successively 

^ Ber., 1869, 2, 140. > Annalmj 1869, 140, 129. 
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oxidising, reducing, and diazotising each of the compounds; the 
third was consequently the ortho compound. 

Petersen * pointed out that since ortho- and para-nitrotoluene give 
the same dinitrotoluene on nitration, the product must contain the 
two nitro groups in the meta position one to another^ 



CHa 

/\no 



2 



CH3 

/NnOc 



NO 



2 



CH3 



V 

N0< 



and concluded that dinitrobensene must also be a meta compound 
a deduction which has since proved correct. As m-dinitrobenzene 
is related to a series of simple di-substituted benzene derivatives 
the structure of these is determined, whilst those of the ortho- and 
para-compounds are known by their relation to the corresponding 
dibromobenzenes. 

KSmer's Absolute Method. The constitution of phthalic acid 
as an ortho compound was based upon two h3rpotheses — its relation 
to the formula for naphthalene and the structure of its anhydride ; 
the formula for isophthalic acid was derived from its relation to 
mesitylene, the constitution of which was at the time purely hypo- 
thetical. 

In an important paper published in 1874, ' On the Isomerism of 
Aromatic Compounds with six Carbon Atoms,' K6rner ' subjected the 
methods of orientation, then employed, to a very searching criticism. 
He pointed out that the structure of the three phthalic acids was too 
problematical^ and their connection with the derivatives of benzene, 
prepared by direct substitution, too uncertain to serve as a basis of 
orientation. He held that since it was always open to question whether 
a reaction, which determined the relation between one compound and 
another, proceeded in a normal fashion, any method of orientation, 
to be entirely satisfactory, should be as far as possible independent 
of the course of chemical change. 

KOrner's method was based on a principle which assumed the 
equivalence of the six hydrogen atoms of benzene. A di-derivative of 
benzene containing similar groups, A A, in the ortho position, can 



PT. II 



» Ber.y 1873, 6, 868 ; 1874, 7, 58. 

* Gagz. ehim. ital,, 1874, 806; Jahresb., 1875, 299. 
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only produce two tri-derivatives by the introduction of a third groups 
A or B. In the same way a meta compound can only produce thr«e 
tri-derivatives and a para compound only one. 



A 



\y 



A A 



V 



A 



A A 



\/ 



A 



B 



A 



B 



A 

u 



A A 



A 



^A ^A Al^A 



A A 

/Nb /\ 



A 



^A ^^A Bl^A 



A 



A 




A 



A 



It will be seen from the above scheme that when the three groups 
in the tri-derivatives are the same, only three isomers are produced 
in all, whereas if the third group, B, is different from the other two, 
all the si^ tri-derivatives are isomeric. Earner applied the principle 
to determine the constitution of the di- and tri-bromobenzeneB. 
Solid dibromobenzene (m. p. 89°) yields only one nitrodibromobenzene, 
the isomeric liquid modification is able to form two, and the third, 
three nitro derivatives. In the same way KOrner obtained two tri- 
bromobenzenes from the first dibromobenzene, one from the second, 
and three from the third. The first compound is therefore para, the 
second, ortho, and the third, meta. In practice the method is 
difficult to carry out, as the complete series of derivatives is not 
always formed. The reverse process may sometimes be adopted 
with advantage. If the same di- derivative is obtained from two 
tri-derivatives, the product is an ortho compound; if from three 
tii-derivatives, it is meta ; if from one only, it is para. 

The constitution of the phenylene-diamines, C0H4(NH2)s, has been 
established by Griess ^ in this way. The six diaminoben2oic acids, 
all of which are known, yield, on distillation with lime, three 



> Ber., 1874, 7, 1226. 
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phenylenediamines. Three of them give the same phenylenediamine 
(m. p. 68^ which is consequently a meta compound, two yield a 
phenylenediamine (m. p. 99^ which is therefore the ortho compound, 
and the sixth diamino-benzoio acid forms a phenylenediamine 
(m. p. 140^) which must be the para compound. 

« 

Oymmetrieal Stractnre of Bensene. It has already been 
stated that Kekul4 based his formula for benzene upon the general 
character of the aromatic compounds and upon the symmetrical 
distribution of the carbon and hydrogen atoms, indirect evidence of 
which was furnished by the existence of only one mono- and three 
di-dexivatives. The direct proof of the symmetry of the molecule 
was supplied by the combined researches of Ladenburg, Wroblewsky 
and Httbner and Petermann. Ladenburg^ showed that phenol may 
be converted by the action of phosphorus bromide into monobromo* 
benzene, which in turn may be transformed, by the action of carbon 
dioxide and sodium, into the sodium salt of benzoic acid by Eekul^'s 
method (Part I, p. 188). 

CcH^OH -*► CeH^Br -► CeHg.COOH. 

The carbozyl in benzoic acid may be assumed to occupy the same 
position as the hydroxyl in phenol. Now there are three hydroxy- 
benzoic acids, which may be converted, on the one hand, into benzoic 
acid and, on the other, into phenol. The benzoic acid and phenol, 
thus obtained, are identical in every case. If we suppose position 
6 to be occupied by carboxyl in the three hydroxybenzoic acids, the 
hydroxyls will assume three other positions, say 8, 4, and 5, and as 
the three phenols obtained by removal of carboxyl are identical, and 
the same as that from which benzoic acid in the first instance was 
derived, it follows that the positions 8, 4, 6, and 6 are symmetrical 
or equivalent. 
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' Theorie dtr cawnatiach/tn Yerhindwigmj by A. Ladenburg. Vieweg, Brunswick, 
187(i. 
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The same reasoning can be applied to the reduction of the three 
hydroxybenzoic acids to benzoic acid. The proof of the equivalence 
of the remaining two positions lies in the fact that there are two pairs 
of positions which are symmetrically situated with regard to a third 
pair. It has been shown, for example, that a bromine atom may be 
introduced into benzoic acid in two different positions relatively to 
the carboxyl, and yield the same bromobenzoic acid, and, in the same 
way, a nitro group may replace hydrogen in two other positions and 
form the same nitrobenzoic acid. 

Starting from m-toluidine, Wroblewsky ^ prepared a bromotoluidine^ 
and from this, in successive stages, bromotoluene and bromobeozoie 
acid. He then converted the above bromotoluidine into a nitro- 
compound, a nitrobromotoluene, a toluidine, and, finally, a bit>mo* 
toluene and bromobenzoic acid, which were identical with the first 
two. If direct replacement occurs in the various reactions, it 
necessarily follows that the first bromine occupies a different 
position from the second. This will be manifest from the following 
scheme in which the substituents are given arbitrary positiona. 



Gq, H, H, H, H, CHji, NHg 

Cq, H, H, H, Br, GH3, NH2 — > Cg, H, H, NO^j Br, CH3, NH^ 

Gq, H, H, H, Br, GH3, H Gg, H, H, NO2, Br, GH3, H 

Go, H, H, H, Br, GOOH, H G^, H, H, NH^, H, GH3, H 

I 
Co? H, H, Br, H, GH3, H 

— > Ge, H, H, Br, H, GOOH, H 



identical 



The existence of a second pair of symmetrical positions follows 
from the observations of Habner and Petermann,* to which 
reference has already been made (p. 384). The bromobenzoic acid 
of Wroblewsky yields, on nitration, two isomeric nitrobromobenzoic 
acids, which, on reduction, form the same aminobenzoic acid 
(anthranilic acid). 

' Ber.y 1872, 5, SO ; Annalen, 1878, 168, 153 ; 1878, 103, 196. 
' AnncUen, 1869, 148, 131. 
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The two nitro groups, therefore, occupy a second pair of sym- 
metrical positions in regard to the carbozyl. The six carbon and 
hydrogen atoms are therefore symmetrically grouped, and benzene 
is, as a whole, a symmetrical structure. 

Bing StmotuM of Beniene. Direct evidence of the ring 
structure of benzene and its derivatives is afforded by the synthesis 
of hexahydrobenzene or cyclohexane, and certain of its derivatives 
from open-chain compounds, imd by their identity with the products 
obtained by the direct reduction of benzene. Thus, Perkin ^ obtained 
cyclohexane by the action of sodium on hexylene dibromide, which 
is identical with hexahydrobenzene prepared from benzene by 
reduction.' 

CHa— CHj,— CHgBr CHa— CHj— CH ^ 

I +2Na=( I +2NaBr 

Also the cis* and trans-hexahydro-isophthalic acid and hexahydro- 
terephthalic acid obtained by Baeyer by the reduction of iso- and 
terephthalic acid (p. 403) are identical with the synthetic compounds 
obtained by Perkin from disodium pentanetetracarboxylic ester and 
methylene iodide in the one case,' and from disodium butanetetra- 
carboxylic ester and ethylene bromide in the other.^ Many other 
examples of synthesis of cyclic compounds from open-chain com- 

> Ber., 1894, 27, 216. 

' Sabatier and Senderens, CompL rend., 1901, 182, 1254. 

' TVonj. Ch§m. Soc., 1892, 61, 172. 

^ Trans. Chem. Soc., 1891, 09, 798. 
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pounds, identical with the reduction products of benzene derivatiYefl, 
have been examined. 

A further important piece of evidence is derived from the atomic 
structure of the diamond as determined by the X-ray reflection 
method of the Braggs,^ which represents the substance as consisting 
of superimposed 6-carbon rings (Fig. 59). As graphitic acid obtained 
by the oxidation of gi-aphite, which is related in structure to the 
diamond and gives mellitic acid, a benzene derivative on oxidation, 
the natural inference is that graphitic acid is produced by the breaking 
up of the graphite into entities containing 6*carbon groups. This 
evidence of ring structure is important, seeing that it is derived from 
an independent and purely physical source ; indeed it constitutes the 
only definite experimental proof of the ring grouping of the atoms. 




Fig. 69. 
Structure of the diamond. 

» 

The hexagons are indicated by continuous lines ; the dotted lines merely 
complete the geometrical design. The hexagons have not flat contours, for, 
seen sideways on, as in the six carbon atoms round the asterisk, the top and 
bottom carbon atoms lie outside the plane of the other four* 

The symmetrical ring structure of benzene being thus satisfactorily 
established, the problem narrows itself down to ascertaining the fate 
of the fourth carbon bond. Much ingenuity has been displayed in 
devising formulae, both statical and dynamical, which should solve 
this problem. 



Btatioal Formvlaa fbr Benxene. Ladenburg employed the proof 
of the symmetry of benzene to attack a vulnerable point in Kekul^'s 
formula, which represents the carbon atoms as linked alternately by 
single and double bonds. On this assumption it necessarily foUows 



^ Proc, Roy. Soc, 80 A, 277. 
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that in the di-derivatives two difFerent ortho compounds 1, 2 and 1, 6 
should exist, and, if the groups are different, two meta compounds 
also become possible. 



A A 

/Xa a/\ 



Ar 



./ 



^\/ 



A 



/ 



^\ 



V» \r 



No such differences have been observed. Noelting prepared a 
series of di-halogen derivatives from 2-6 dinitrotoluene, in which, 
in place of the nitro groups, two different halogens (A, B) were 
introduced in the inverse order, but he failed to detect any difference 
in the properties of the compounds. 



CH. 



CH, 



A similar process lias been carried out by Wohl,* who converted 
the acid ester of isophthalic acid into the ester-amide in two ways, so 
that the ester and amide group were reversed ; but the products were 
again identical. 



COOCH. 



\/ 



!coJ 



ONH, 




CONH 



2 



KiOOIl 



V JCOOCHj 



The author' has also prepared 3-5 chlorobromo |>-toluidine by 
reversing the process of chlorination and bromination and obtained 
the same product. 



1 Bar., 1910, 43, 8474. 

" Trans. Ohem, Socy 1916, 107, 847. 
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CH. 
/\ 

Cls^/Br 
NH, 

Borsche and Bahr,^ on the other hand, assert that as only one 
chlorine atom in dinitro-dichlorobenzene, 



NO2 



I 

CI 



NO, 



reacts with ammonia and primary amines and at least readily with 
sodium acetoacetio and malonic esters (when the second chlorine 
atom is still reactive towards ammonia and amines) the two chlorine 
atoms are differently situated. Too much importance need not be 
attached to this conclusion, seeing that every new radical alters more 
or less the reactivity of the remaining atoms or groups, and conse- 
quently it could scarcely be expected that when one chlorine atom 
had been replaced the second one would exhibit identical properties. 
To avoid the difficulty introduced by the double bonds, Glaus 
proposed two formulae, which represent each carbon atom of the 
ring attached to three others, that is, to two in the ortho and one 
in the para position, or to two in the ortho and one in the meta 
position* 

CH 
HC<^\cH 

CH 




HC 



CH 



Claus' gave the preference to the first or diagonal formtda, which 
appeared to suggest a reason for the simultaneous formation of ortho 
and para compounds, so often observed in reactions with benzene. 



1 Annalm, 1918, 402, 81. 

> Theoretiscfu Beiraehtungm und derm Anwendungen zur aystematik dor organiieken 
Chemie, Freiburg, 1867, p. 207. 
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Ibadenburg's Prism Fommla. Ladenburg^ adopted the second 
or prism formula. The six carbon atoms are placed at the corners 
of a regular prism, the edges of which denote the linkages. 




The numbered positions correspond to the arrangement of the 
carbons in the hexagon, as determined by KOrner's principle of 
orientation. The diagonal corners of the prism faces are ortho, 
those occupying the ends of the vertical edges are para, and those 
at the corners of the triangular faces are meta positions. Kekuld 
objected to Ladenburg's formula on the ground that it did not admit 
of the formation of additive compounds in a satisfactory manner. 
To convert benzene into cydohexane it was necessary to have 
recourse to the doubtful expedient of breaking one para and two 
meta linkages: 

8 5 

\/ 

1 

4 
Benzene, CgH,. Cyclohezane, C«IIu. 

Moreover, the introduction of two different groups into the prism 
formula gives rise to molecular asymmetry, which implies the 
existence of optical enantiomorphs. All attempts to resolve such com- 
pounds have been fruitless (p. 214), and, what is even more significant, 
there is no single instance of an optically active compound of benzene, 
among the many derivatives found in nature, which owes its activity 
to the asynmietry of the nucleus. But the most complete refutation 
of Ladenburg's formula has been furnished by Baeyer. He showed 
that, of the three hexahydrophthalic acids, it is only the ortho 
compound which readOy forms an anhydride, for the meta com- 
pound must be heated with acetyl chloride to give it, and the 
para compound under no conditions exhibits this change. 

According to Ladenburg's formula, phthalic acid on reduction 




1 Ber., 1869, 2, 141, 272. 
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should produce a meta or a para cyclohexane deriyatiYe, depending 
upon which sets of bonds are removed. The process may be 
graphically represented in such a way that, after the three links are 
removed, the two prism faces are folded back like the covers of a half- 
open book. 

8 5 




COOH 



« 



-n 



V 




Phthalie Acid. 
S 



r\ 



N 



—"2 




Metft. P&ra. 

Hexahydrophthalio acid according to the prism formula. 

It is difficult to reconcile these formulae with the existence of an 
anhydride, which is more stable than that produced by carboxyls in 
the ortho position, as denoted by Kekul^'s formula. 

In reply to Ladenburg's criticism of Kekul^'s formula, V. Meyer * 
pointed out that the difference in the two ortho positions was not 
produced by any alteration in the relative positions of the atoms, as, 
for example, in the a- and )8-derivatives of acrylic acid or propylene, 
but only by the more delicate distinction of single and double bonds^ 
the exact significance of which is unknown. , 

Keknl^'s Dynamic Hypothesis. Kekuld' took a similar view 
of the question. In order to account for the existence of only 
one ortho derivative, he brought forward his dynamic hypothesis. 
Valency, he suggested, may have a mechanical meaning, representing 
the number of contacts with other atoms experienced by an oscil- 
lating atom in unit of time. Two atoms of quadrivalent carbon, 
linked by one combining unit of each, will perform four complete 
oscillations, striking each other and also three other atoms in the 
unit of time, during which period the univalent atom of hydrogen 
will make a single oscillation. A doubly linked carbon atom will 
come in contact twice with its neighbouring carbon atom in the same 
period and also strike two other atoms. 

' AiwaXen,^ 1870, 156, 265 ; 1871, 169, 24. 
* AnwOm^ 1872, 162, 86. 
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5 ? 5 3 

Applying this hypothesis to the benzene formula, carbon 1 will 
strike carbon 2 twice, hydrogen once, and carbon 6 once in the 
following order : 

2, 6, H, 2. 
In the second period the order will become : 

6, 2,H, 6, 
in ^rhich carbon 6 is struck twice and carbon 2 once, to be followed 
in the third period by a recurrence of the first order and so forth. 
This will naturally take place with all the atoms of the ring. 
Kekul^ supposes that if the first of the above formulae for benzene 
represents the contacts made during the first unit of time, consti- 
tuting the first phase, the second formula will depict the second 
phase, and, as these phases are constantly alternating, there will be 
an equal numlier of molecules at any one moment in both phases. 
The difference between the two ortho positions is, therefore, more 
apparent than real. But this hypothesis would imply a more rapid 
motion of the carbon than of the hydrogen atom, which is opposed 
to the kinetic theory.* On the other hand, the observations which 
have been discussed under tautomerism (p. 850) make it conceivable 
that some such oscillatory motion of atoms or groups may occur.' 

Baajer's Sesaarohes on the Constitation of Bensene. In his 
classical research ' On the Constitution of Benzene ', Baeyer ' sought 
to decide between the two formulae of Glaus and Kekul^, which had 
alone survived, by an exhaustive inquiry into the reduction products 
of the phthalic acids. Although this investigation has greatly 
extended our knowledge of the hydrocyclic compounds, and exhibited 
their striking analogy with the aliphatic compounds, it cannot be said 
that the main problem has approached much nearer to its solution. 

Baeyer himself has frankly admitted as much. 'The task,' he 
says, * which I set before me on commencing these researches was to 
elucidate the constitution of benzene, and not to seek an experimental 
verification of any particular hypothesis. As a consequence of this 
resolution I have more than once changed my views, according as 

^ MichaeliB, Ber., 1872, 6, 468. 

* In this connection Knoevenagel's theory of the atomic motion of unsaturated 
carbon atoms may be mentioned, J3«r., 1908, 86, 2808. In the case of benzene 
each of the carbon atoms is supposed to rotate in opposite directions to its 
neighbours, thus alternately making and breaking the double link. 

> Annalen, 1887, 246, 108 ; 1889, 261, 267 ; 1890, 266, 1 ; 268, 1, 145 ; 1892, 
266, 169 ; 269, 169. 
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the sum of experimental evidence appeared to fayour one or another 
theory. And I would ask the reader not to he astonished beeausd 
I now give prominence to a hypothesis which I have previously 
comhated, nor to hold me inconsistent if I should chance in the 
course of time to transfer my allegiance to another theory. • . . No 
conclusion can he drawn as to the structure of benzene derivatives 
from their behaviour on reduction.'^ Baeyer's attention vras first 
directed to the diagonal formula of Glaus, with the object of 
ascertaining whether diagonal or para linkages exist, and as a pre- 
liminary step he began by studying the conditions under which 
they might conceivably be formed. Terephthalic acid yields, on 
reduction, hexahydroterephthalic acid, and the latter, on treatment 
with bromine, is converted into a mono- and a di-bromo compound 
having the following constitution : 

BiC.COOH BrC.COOH 



H,Ci 
H^C 



/\ 



CH, 



HoG 



/\ 






CH, 



OH2 H2vX JCHj 

H^.COOH BraCOOH 

By analogy with the general behaviour of acids on bromination 
the bromine attaches itself to the a-carbon. The experimental 
verification of the above structure of the bromine derivatives is as 
follows : by the action of alcoholic potash on the monobromo 
compound hydrogen bromide is removed, and a tetrahydrotere- 
phthalic acid is formed which reunites with hydrogen bromide to 
give a different monobromo derivative from the original, and also 
with bromine to form a dibromo compound which is isomeric with 
that obtained by direct bromination. These changes can only be 
satisfactorily explained on the above assumption, namelyi that the 
bromine enters the a-position. 

BrC . COOH C . COOH 

H.c/\)H, H«C/\CH 



2 

H2OV JCH2 
HC . COOH 
HC.COOH 

HaC/\cHBr 



H 



and 



.(V 



lea 



HC . COOH 



2' 
H2CA. JCH2 

HC . COOH 
BrC . COOH 

HaC/NcHBr 

II2CX XjH.^ 
Ha COOH 



> Annalen, 1892, 269, 176 ; see also Tear-Book <jf Science, 189S, 28S. 
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The two dibromo compounds show a remarkable difiference in their 
behaviour with zinc dust and acetic acid. Whereas the bromine 
is readily removed from the compound which contains the bromine 
atoms in the ortho position, re-forming tetrahydi*oterephtha]ic acid 
with a double link between the two ortho carbons, the effect on the 
bromine atoms in the para position is to replace them by hydrogen 
and form the original hezahydro acid. No para linkage is therefore 
produced where, according to Claus's formula, it would be most 
natural to expect its appearance. 

COOH 



COOH 

I 
CBr 



.cr^ 



H 



Hod 



H 



2 



gives 



Ah 

II.c/\cH 



)CH, 



CBr 

I 

CX)OH 



H. 



CH 
COOH 



* instead 
CH, ^^ 



HgC 



COOH 

I 
C 

/^CH, 



H- 



CHj 



C 

I 
COOH 



The diagonal formula was accordingly rejected, only to be rein- 
stated later in a modified form. The change of view was the result 
of observations made by Baeyer in extending his experiments on the 
reduction products of the phthalic acids, which will now be briefly 
described. It should first be stated that the large number of 
products obtained by the reduction of phthalic,^ isophthalic,' and 
terephthalic ' acids has necessitated a special system of notation* 
The carbon atoms of the nucleus being numbered from 1 to 6 in 
the order of the figures on a clock face, the position of the double 
bond is indicated by the Oreek A followed by the number of the 
initial carbon of the double linkage, as in the following two 
examples. 



6/N2 






A' A^» 

Baeyer found that on reducing the phthalic acids with sodium 
amalgam in alcoholic solution the hydrogen atoms attach themselves 
to the a-carbon, i.e. to the carbon which carries the carboxyl group. 

1 Annalen, 1890, 268, 145 ; 1892, 269, 145. 

3 Annaleriy 1898, 276, 255. 

' Amuden, 1888, 245, 108 ; 1889, 261, 257 ; 1890, 268, 1. 
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The same thing was observed in the case of unsaturated open-chain 
acidsy like muconic and piperic acid, and was ascribed by Baeyer to 
the electro-negatiye character of the a-carbon.' For example, the 
first reduction product of terephthalic acid is the A^^ dihydro acid, 

COOH H COOH 

C C 

Hc/\CH HC<^CH 



HO. ".CH 




HCl ^CH 
C 

COOH H COOH 

Terephthalic acid. a'>' Bihydroterephihalieacid. 
whilst muconic acid is converted into )8y-dihydromuconic acid, 

COOH 



£^ 



COOH 

I 

c 

Hv^lcH 



I 



I 
OH 

h/\ch 

HvjicH 

OH 

I 



COOH 
Muoonio acid. 

and piperic acid yields /Sy-dihydropiperic acid. 

CH 



COOH 

^Y-Dihydromooonle add. 



H,C^ 



IC . CH = CH— CH = CH . COOH 



CH 

Piperic acid. 

CH 
-^ H,C< 

\Cv JC . CH»-CH = CH— CH,. COOH 
CH 

^7-DiJiydropiperic acid. 

Baeyer explained the process as follows : ' Reduction only oeenia 
if hydrogen ions can penetrate the molecule. The number is con* 



> AnnaUn, 1889, 261, 286. 
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d.itioned by the number of negative groups, which makes reduction 
possible — in the present instance, by the carboxyl in conjunction 
wdth the double bond.' 

If, however, the double bond is in proximity to a positive group*- 
CH2 or CII3 — ^as in crotonic or A^>^ dihydroterephthalic acid, reduction 
is very much impeded, 



CH, 

NcH 

JcH 
COOH 

Crotonic acid. 



C.COOH 

H,C/\CH 



■r 



HO 



iOH, 



C . COOH 

a'>* Dihydroterephthalic acid. 



^vhilst fumaric and A^'^ dihydroterephthalic acid readily undergo 
reduction to succiiiic and A^ tetrahydroterephthalic acid respectively. 



HOOC.CH-CH.COOH 

Fumaric acid. 

C.COOH 
H,Cr^CH 

CH 



H,dJ 

C . COOH 

A^' Dihydro acid. 



HOOC . CHa— CHg . COOH 

Succinic acid. 

OH . COOH 
H.c/\0H 



H. 



\y 



CH 



CH . COOH 

A* Tetrahydro acid. 



A very different explanation of the process has been advanced by 
Thiele^ (Part I, p. 183), which will be briefly outlined, inasmuch as it 
forms the basis of a new view of the structui*e of benzene, to be presently 
discussed. Thiele supposes that each doubly linked atom, in addition 
to its ordinary bonds, is provided with a partial valency, and it is by 
means of this partial valency that union with other atoms is first 
effected. Moreover, the partial valencies of two adjoining atoms can 
unite or become 'conjugated', which causes them to lose their 
activity. Thus, in a system containing two pairs of doubly linked 
atoms separated by a single bond and known as a 'conjugated' system, 
the partial valencies of the middle pair can unite and thus become 
inactive, leaving the two end atoms free to combine. When this 
occurs, the bonds between the middle pair of atoms are transposed 
into an ordinary double bond. The stages in the process may be 



1 AnnaUttj 1899. 806, 126. 
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represented by the following scheme, in which the dotted lines 
indicate the partial valencies : 

a = b — c = d a = h — c = d ax — b = c — f/y 



The theory explains the addition of only two hydrogen atoms and 
the positions which they occupy on reducing such compounds as 
muconic, piperic, and terephthalic acid, &c. To return now to the 
reduction of terephthalic acid, the firat product is the A^^ dihydro 
acid. No further reduction takes place until a double bond has been 
displaced towards the a-carbon, a process which has ali^eady been 
discussed (p. 898), and may be accomplished in the case of A^^ 
dihydroterephthalic acid in two steps, the first by boiling with water 
which gives the A^^ isomer, and the second by boiling with dilute 
solutions of caustic alkalis which transforms the latter into the 
A*»* acid. 



COOH 

I 
CH 

HC/\CH 



COOH 

I 
C 



COOH 

I 

c 



H 



c/V 



CH 



JH 



H,0 



H 



HfiTs 



HOv y'CH2 

CH 

I 



NaOn 



COOH 



COOH 

Tetrahydroterephthalio acids. 




The A^>^ acid can now be reduced and yields A' tetrahydro- 
terephthalio acid. Both the A^^ and A^ acids exist in stereoisomeric 
forms, each pair bearing a similar relation to one another as maleic 
acid bears to fumaric acid (p. 264). 




H COOH 




Trans. 



H COOH 

Cis. 



a'>' Dihydroterephthalic acid. 



H COOH H COOH 

X 

I 

I 

HOOC H H COOH 

Trans. Cis. 

a' Tetrahydroterephthalio acid. 




The action of caustic alkalis on the A^ acid causes the double 
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bond to shift to the A^ position, and the acid, thus produced, yields 
hexahydroterephthalic acid on reduction. 



CH . COOH 



H 



Cf^\3H 



2 



CH . COOH 

A^ Tetrahydro acid. 



C.COOH 

HjCv JCHj 

CH. COOH 

A^ Tetrahydro acid. 



CH . COOH 
HaC^CHj 



H,C^^^ 



"CH 



2 



CH . COOH 

Hexahydro acid. 



The hexahydro acid also exists in stereoisomeric forms which may 
be represented by the following formulae (p. 264) : 



H COOH 



H COOH 




HOOC 

Trans. 




COOH 

Ola. 



Hexahydroterephthalic acid. 

The last of the series of possible isomers is derived from the 
aai-dibromohexahydro acid already described (p. 396), from which 
alcoholic potash removes two molecules of hydrogen bromide. 

The product is A^*^ dihydroterephthalic acid 



COOH 




COOH 

I 
C 

HjG/^CH 



H,c! 



CH 



c 

I 

COOH 



There are other ways in which reduction may be effected, such as 
the action of zinc dust and acetic acid on the hydrogen bromide 
additive compounds, but it is unnecessary to enter into further 
detail. It is sufficient for the present purpose to indicate the manner 
in which the complete series of reduced terephthalic acids have been 
prepared. They may be tabulated as follows : 



PT. II 



Dd 
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Dihydro acida. 



Tetrahydro aeida. Hexahydro 

acida. 



/\\ 



/\ 



/\ /\ 



Gia-irans. 







I 

\y \/ \/ \^ 

A«.» A'f» AS* AS» 

Cia-trans. 
Their relation to one another is indicated in the following table. 



Teraphthalie acid 



i H,0 

AM a.A',» 

I 



I 



NaOH 



■^ A'l 



].« 



A*» 



Ut 



KaOH 



Br+KOH 



Haacahydro acid 

Similar results were obtained with phthalic and isophthalic acids, 
with a and fi naphthoic acids, benzoic acid, &c., all of which form 
a series of hydro acids. Thus, phthalic acid, in accordance with the 
rule by which the hydrogen attaches itself to the a-carbon, gives in 
the first place a A^»^ dihydro acid, having the following structure : 

H 



OOH 




COOH 



This, by the shifting of the double bond, forms the A^* dihydro 
acid, the intermediate A^' acid being probably very unstable.* 

H H 



H 
H 



ry^ 



y\_. 



H 



OOH 
-COOH 



H/ -^-OOOH 



H. 



Y 



-COOH 



AV labUe. A*>< atable. 

> 8ee G. Abati, Ahstr. Cfiem, Soc, 1906, 1, 959 ; 1907, 1, 419. 
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The latter undergoes reduction, but in an abnormal fashion, the 
hydrogen probably attaching itself not to the a-carbons but to those 
in positions 3 and 6 according to Thiele's rule, and the double link 
shifts at the same time to the A^ position. 

/V-COOH 



— COOH 



COOH 



S. A — yjKjyjLL K y — COOH 

a'>' Dihydro aoid. A* Tetrahydro acid. 

The latter on boiling with caustic soda solution may be converted 
successively into the A^, A^, and A^ acids. ^ 



• 

/\-COOH 




JOOH 




COOH 



JOOH 



/\_COOH -^N— COOH 



COOH 






-COOH 



A* A» A« 

The symmetrically constituted acids exist, like the analogous 

terephthalic acids, as cis and trans isomers. 

In the case of isophthalic acid great difficulty is experienced in 

effecting reduction^ and Baeyer explains this by the fact that the 

attachment of the hydrogen to the a-carbons prevents the formation 

of ethylene linkages. 

H COOH c H COOH 

X ., X 

\|/<COOH 

Nevertheless two tetrahydroisophthalic acids have been obtained 
by direct reduction*, and also a hexahydro acid in cis and trans 
forms', whilst a dihydro acid and two other tetrahydro acids have 
been prepared by indirect methods. In this connection should also 
be mentioned the important synthesis of cis and trans hexahydro- 
isophthalic acid by Perkin, jun.,* from di-sodium pentane tetra* 
carboxylic ester and methylene iodide. 



COOH 



\/ 



•COOH 



\ / 
V/XCOOH 



or 



CH, 
H2c/\3Na(COOC2H4)5 

HoCX + CHqI 



' \ 



2*2 



CHg 

H,c/\c(COOCJI,)s 

^OvJCH, 
CtCOOCjjH,), 



+ 2NaI 



H 



CNatCOOCaHg), 

^ Annalmy 1890, 268, 167, 212. 

' Perkin, Pickles, TVatu. Qk«m. Soc, 1905, 87, 298, 841. 

* Baeyer, ulnnolen, 1892, 269, 178, 195. 

* Perkin, Trarw. Chnn. Soc., 1891, 69, 808. 
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The latter on hydrolysis loses carhon dioxide and gives the 
hezahydro acids. 

CHj CHj 

HaC/NctCOOCaHfi), HgC/NjH . COOH 

+ 2HaO = 



+ 2CoH,0H 



HaCs^lcHj HadJcHj + ^^' 

C(COOC2H5)a CH . COOH 

This synthesis, as previously mentioned, is a clear indication of 
the ring structure of henzene and its reduction products. 

Aliphatio Character of Eydrocyclic Compounds. We have 

already perceived the close analogy which subsists between the 
hydrophthalic acids and the saturated and unsaturated acids of the 
aliphatic series, their behaviour on brominatioUf the position taken 
up by the hydrogen on reduction, the shifting of the double bond, &c. 
This analogy may be extended, for the double bond of the di- and 
tetra-hydro acids possesses the unsaturated character of true ethylene 
linkages. These compounds unite readily with hydrogen bromide, 
as well as with bromine, and the hydrogen bromide and bromine 
additive compounds lose hydrogen bromide on treatment with 
alcoholic potash and become unsaturated. Moreover the di- and 
tetra-hydro acids show the general behaviour of unsaturated fatty 
acids in rapidly decolourising alkaline permanganate in the cold. 
The olefinic character of the partly reduced acids is reproduced in 
the di- and tetra-hydro benzenes which resemble true olefines, 
whereas the saturated ring structures as represented by cyclohexane 
and other cycloparafBns possess the characteristic properties of the 
paraffins. 

In marked contrast to these compounds stands benzene with 
many of its substitution products. Terephthalic acid, for example, 
unlike the di- and tetra-hydro acids, is neither oxidised by perman- 
ganate in the cold nor combines to form additive compounds with 
bromine or hydrogen bromide. How is this difference in chemical 
behaviour to be reconciled with the presence of three ethylene link- 
ages in benzene? This is the question to which Baeyer has tried 
to find an answer in the results of his research on the reduction 
products of the phthalic acids. Adopting a suggestion of Armstrong,^ 
he supposes that the fourth carbon valency is directed towards the 
centre of the benzene ring though not actually linked to its opposite 
neighbour in the para position, as represented in Clauses original 

' Trans, Ch$m, Soe., 18S7, 51, 264 (footnote). 
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formula. This centric band is not a real but a potential bond exciting 
a directive force or pressure towards the centre of the molecule. 
The formula is known as the centric fofTnulay and can be pictured by 

m 

the following diagram, in which the centric bonds appear as arrows : 




Baeyer does not regard this formula as representing the structure 
of all benzene derivatives. For certain compounds, such as phloro- 
glucinol, which are readily oxidised by permanganate, the Kekuld 
formula is retained. ' The benzene nucleus,* he says, ' can exist in 
two forms which can be regarded as tautomeric in the sense that 
a definite structure is attached to each individual derivative.' ^ The 
centric formula enables the reduction of the phthalic acids to be 
represented by a simple mechanical device. Thus,  the first two 
hydrogen atoms attach themselves to the two a-carbons, and thereby 
remove two centric bonds in the para position. The result is the 
linking up of the remaining two pair of bonds forming true ethylene 
linkages. 



COOH 






i 



OOH 



H COOH 



V 



H COOH 



H COOH 

y 




H COOH 



Baeyer nevertheless recognizes that the Kekuld formula is capable 
of expressing equally well the formation of A^^ dihydroterephthalio 
acid ; for the behaviour of muconic acid on reduction furnishes an 
exactly parallel case with that of the attachment of the two hydrogen 
atoms to the a-carbons in terephthalic acid and the consequent 
shifting of the double bond. 



> Annalen^ 1892, 269, 188. 
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COOH 

I 


h/\ch 

H^JCH 


I 

COOH 

Mueonie aeid. 

i 

COOH 

I 
CH 

H/%5H 

Hv yCH 

CH 

I 
COOH 

Dihydromneonio acid. 




COOH 

Teraphthalic add. 

COOH 

I 
CH 

HC/^CH 




Dihydroterephtbalic Mid. 



Baeyer ^ in fact admitted that the structure of benzene derivatives 
could not be determined by their behaviour on reduction. He 
therefore turned to the reverse process — the oxidation of the hydro 
acids — and sought for evidences of structure in the behaviour of these 
compounds. It must be confessed that the results of this inquiry 
appear incomplete and unconvincing. Baeyer perceives in the fact 
that the A^*^, ^^*\ and A'>* dihydrophthalic acids give benzoic 
acid on oxidation, 



Cfl 



H 



2 




/H 



\/' 



H 
H. 



a 



/\ 



\/^ 



(X - COOH) 









whilst the A^*^ acid gives phthalic acid, a shock (ErschOttemng) to 
the a-carbon in the three former cases, which causes it to lose 
carbon dioxide, this effect being associated with the change from 
ethylene to centric linkages thus: 



^ Atmalen, 1S92, 269, 178. 
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Vl . COOH HC/^C. COOH 



.COOH 



CH 
Hc/Nc . COOH 



K / 



HCL JO.COOH 



HG 



/ NC.ICOOH 



^ 



A«»' 



Benzoic aoid. 



The formation of benzoic acid from the A^>^ dihydro acid, in which 
oxidation does not directly affect the a-carbons, is accounted for by 
the carbons in the para position to the a-carbons being involved in 
the change, whereas oxidation of the A^>* acid neither directly nor 
indirectly touches the a-carbons. 

CHa CH 

.0 . COOH /\c . COOH 




.COOH 



^^C . COOH 



V 



CH 
c^l^C . COOH 



C.COOH 

CH 

Phthalic acid. 

BrOhl,^ in a careful examination of this theory, asks why only 
one molecule instead of two molecules of carbon dioxide is removed 
from the A^* acid, and (he also might have added) from the A'*^ 
dihydro acid, both of which are symmetrical structures. 

It might be urged in favour of Kekul^'s formula that, of the two 
possible phthalic acids, only the first is stable. 

/NCOOH /\C00H 



\/ 



toOOH 



k> 



OOH 



This would be formed by the oxidation of the A^^ dihydro acid, 
whilst the second should appear when the A^*® acid is oxidised. The 
loss of carbon dioxide in the second case might be attributed to the 
shock attending the rearrangement of double linkages ; but as A^>^ 
dihydroterephthalic acid yields terephthalic acid on oxidation, when 
likewise a change in the double bonds must be assumed to occur, 
this argument is untenable. 

COOH COOH 

COOH COOH 

AU* Dihydroterephthalic acid. Terephthalic aoid« 

BrUhl in his criticism has sought to explain the different chemical 

1 /. prakL CKem.y 1894 (2), 49, 29ft. 
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behaviour of the dihydro acids on the very simple basis of their 
difiference of stability, and such a view has the advantage of being 
independent of any structural hypothesis. At the same time Jbe 
apparently fails to perceive that by avoiding any reference to 
structure as affecting stability he is ' begging the question '. 

Svidenee of Physical Properties. The data afforded by the 
values of the melting-points and solubilities of phthalic acid and its 
anhydride appear to be the mean of those calculated by Baeyer ^ for 
the two formulae : 



/ViOO 



\y 



H 



COOH 



COOH 



I 



and have been used as evidence in favour of the centric formula ; 
but when it is considered that the calculated constants are derived 
from the somewhat artificial analogies instituted between the 
isomeric di-, tetra-, and hexa-hydro acids, and that, in addition, we 
are profoundly ignorant of any connection between these phjrsical 
constants and structure, the evidence cannot be regarded as entirely 
trustworthy. Of greater interest are the optical and thermo^emical 
constants of benzene and its derivatives. From determination of the 
molecular refraction and dispersion of benzene and di-, tetra-, and 
hexa-hydrobenzene, BrQhl has arrived at the conclusion that three 
double linkages are present in benzene, since benzene and its homo- 
logues give normal values for three double bonds, and diallyl, hexy- 
lene, and hexane show a corresponding increment for each double 
bond. The following table is taken from Brdhl's paper : ' 













MoLB^, 




Density 
d20/4 


BifracHve 
Index 
at 20P 


MoLVoL 
at 20"" 


Sp, B^, 
««-l 

{n*+2)d 


/n«-lXM 
Vn«+2/d 












^« 


D 


Benzene 


0.8799 


1.4967 


88-66 


0.3824 


25.93 


26.13 


Dihydrobenzene 


0.8478 


1.4699 


9486 


0.3291 


2638 


26.51 


Tetrahydroben zene 


0.8102 


1.4436 


101.21 


0.8277 


26.87 


2701 


Hezahydrobenzene 


0.790 


1426 


107.2 


0.8265 


27.66 


27663 


Dipropai^l 


0.8049 


1.4402 


96.91 


a3278 


26.57 


2574 


Diallyl 


0.6880 


1.8981 


119.18 


0.8509 


28.77 


28.96 


Hexylene 


0.6825 


1.8989 


123.08 


08506 


29.45 


29.61 


Hexane 


06608 


1.8784 


130.26 


0.8454 


29.70 


29.84 



^ Annaien, 1892, 260, 186. * J. prakt. Ckem,, 1894 (2), 49, 250. 

* The value lor hexahydrobenzene represents the mean of those calculated 
from three independent sets of data which fluctuate between 27*91 and 27-31. 
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In order to institute a comparison between the aliphatic and 
aromatic series we may either take differences between successive 
or between corresponding members of each series. 





Mj) 


A 

.88 
.50 
65 




Mo 


A 


Benzene 
Dihydrobenzene 
Tetrahydrobenzene 
Hexahydrobenzene 


2618 
2651 
27.01 
27.66 


Diallyl 

Hexylene 

Hexane 


28.96 
29.61 
29.81 


.65 
.23 




Diallyl 
Dihydrobenzene 



Hexylene 
Tetrahydrobenzene 



Hexane 
Hexahydrobenzene 



28.96 
2651 



29.61 
2701 



2984 
27.66 



2.45 



260 



223 



In examining the figures in the first of the above tables, it is clear 
that the differences among members of the same series are very 
small; for the molecular refractions are made up of two opposed 
factors, namely, the index of refraction which forms a decreasing 
series, and the molecular weights which form an increasing series 
from the less to the more hydrogenated compounds. When, in 
addition to this, it is considered that the difference between the 
minimum and maximum value calculated for hexahydrobenzene 
nearly covers, the whole difference between tetra- and hexa-hydro- 
benzene, the significance of these figures becomes very small. The 
larger differences between the molecular refractions of members of 
the corresponding series is clearly due to ring formation. Very 
little reliance can therefore be placed on the direct evidence which 
molecular refractions afford of three double linkages in benzene. On 
the other hand, it seems clear that there is no sudden change of 
structure between benzene and its reduction products, such as occurs 
between hexane and hexahydrobenzene, or between dipropargyl with 
its two treble linkages, and diallyl with its pair of double bonds. 

Later observations have introduced new features into the problem 
thi'ough the discovery of optical anomaly or increase (exaltation) of 
molecular refract ivity in presence of conjugated double linkages 
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(p. 28). Hexatriene, CH, : CH . CH : CH . CH : CH^, which is the open- 
chain analogue of benzene, has three conjugated double linkages and 
shows an increase of 2>06 units above the calculated value. Benzene, 
as stated above, exhibits no increase, and this is now taken to indicate 
the absence of double bonds. ^ Willstfttter and Waser* have, how- 
ever, obtained a cydo-octatetrene, 

HC CH 



HG 
HC 



/=\ 



CH 

IcH 



HC CH 

Cyclo-octatetrene. 

which, while possessing all the properties of an unsaturated hydro- 
carbon with four double linkages (p. 29), exhibits at the same time 
normal refractivity like benzene (see p. 27). The evidence is very 
conflieting, and the conclusions which we are led to draw will depend 
upon the relative value which we attach to the chemical and physical 
behaviour of the hydrocarbon. It should, however, be pointed out 
that the greater reactivity of cyclo-octatetrene may very well depend 
on the less stable nature of the ring, for the benzene ring is subject 
to an even smaller strain of the carbon linkages (2° 35 ^ than acydo- 
hexane ring (5^ 16'). Similar exaltation, produced by conjugated 
double linkages, has been observed in the case of magnetic rotation 
(p. 53), which, in the case of hexatriene, amounts to 3*776 units above 
that of diallyl, which is normal. 

Diallyl CHa : CH . CH, . CHj . CH : CH, 8420 
Hexatriene CH, : CH . CH : CH . CH : CH, 12196 ^' '^^ 

Deducting from the magnetic rotation of hexatriene the value 0*982 
for ring formation, the resulting number (11*214) is almost precisely 
that observed for the magnetic rotation of benzene (11*284). Ben- 
zene, therefore, exhibits the same magnetic-rotatory exaltation as 
hexatriene, and should thei^fore possess three double linkages. 

From the results of molecular volume determinations (p. 13) Schiff' 
concluded that benzene contains nine single carbon linkages; but 
this view was subsequently opposed by Lessen and Zander,* and 
by Horstmann,^ who gave their verdict in favour of Kekuld's 
formula from the results of a much more complete series of observa- 
tions For example, a comparison of the values for the double bond 

1 Smedley, Trans, Chem. Soe,f 1908, 83, 880. > Ber., 1911, 44, 842S. 

• Annalen, 1883, 220, 803. « AnnaUn, 1884, 225, 109. » Ber., 1887, 20, TSS. 
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in open- and closed-chain compounds is much the same (about 
7 units) : 

Hexane 1S9.9 Cydohezane 116'5 204s 

7.4 _. «6.8 

Hexjlene 182<5 Benzene 96*0 

but there is a large contraction in passing from an open to a closed 
chain, as observed in the case of cyclohexane, namely, 234 units 
(p. 13). If we compare in the same way the value calculated for 
tetrahydrobenzene, 96 + (2 x 6-8) « 109-6, with that of hexylene, 
182-5 — 109*6 » 22-9, we find approximately the same contraction 
for the closed chain. There is no reason, therefore, for supposing 
that benzene possesses other than the Kekul^ formula. 

The conclusions derived from thermo*chemical data are very 
conflicting. Thomson's ^ determinations of the heats of combustion 
led him at first to conclude that benzene contains nine single bonds, 
a view which was also shared by Horstmann,' but he afterwards 
transferred his adherence to Kekul^'s formula. Stohmann, on the 
other hand, from the evidence of a much more comprehensive series 
of observations, arrived at Thomson's original conclusion that ' three 
equivalent double bonds cannot be present in the benzene nucleus. 
The bonds are most firmly attached in benzene itself, and more 
loosely in the di- and tetra-hydro compounds, reaching again a high 
degree of stability in hexahydrobenzene, which is, however, unequal 
to that of the original nucleus '. The following are the constants for 
the heats of combustion of benzene and its reduction products 
obtained by Stohmann and Langbein : ' 



68-2 
44-0 
41-2 

58-0 

The differences correspond closely with those of terephtbalic acid 
and its reduction products.^ 

A 

Terephthmlic acid ^.7 , 
Dihydro acid C Iik a 

Tetrahydro acid ^ T?'; " 

Hexahydro acid ^ J? *« " 

Sebaeic aoid :> o^o i, 



1 Ber,, 1880, 18, 1806; Tkermoclum, VnttrmcKy 1886, vol. iv. 

> Btr,, 1888, 21, 2211. * J. prakt. Chem., 1898 (2), 48, 447. 

* The isomeric di- and tetra-hydro acida differ alightly among themselyes. 



Mol. 


grm, cdU, 


Benzene 


779-8 


Dihydrobenzene 
Tetrahydrobenzene 
Hexahydrobenzene 
Hexane 


848*0 
8920 
983-2 
991-2 
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It seems not improbable, therefore, that benzene and terephtkalic 
acid are similarly constituted. 

As the heat of combustion of Hg is 69 moL g^rm. cals., it follows 
that during the graduated reduction of benzene Hbe formation of 
dihydrobenzene utilizes almost the whole of the energy of the 
hydrogen molecule; in the second stage of reduction there is an 
excess of energy amounting to 25 cals. in the initial system, and in 
the third an excess of 27*8 cals., whereas in the final stage, where 
the benzene nucleus is dissolved, the energy of the initial system 
only amounts to 11 cals.' 

From this Stohmann concludes that the ' jump ' between the first 
and second terms of the series compared with the two following, as 
well as between the fourth and fifth, indicates a fundamental 
difference of structure between benzene and its di- and tetra-hydro 
derivatives, and also between tetrahydro- and hexahydro-benzene, 
which led him, as we have seen, to reject the Kekuld formula. 

A careful redetermination of the values for the saturated and un- 
saturated aromatic hydrocarbons have led Both and Auwers ^ to the 
following results, which differ somewhat from those of Stohmann. 
The differences (A) are given in mol. grm. cals. : 

A 
Aromatic hydrocarbon and conjugated cydohexadiene <M 
Conjugated cydohexadiene and cyclohezene 50 

Cyclohexene and cyclohexane 45 

In the case of the two dihydronaphthalenes, one being conjugated 
and the other not, there was a difference of 5 cals. less in the 
conjugated compound, or, in other words, it is the more stable. They 
consider that the nature of the conjugation and the symmetry of 
benzene would naturally produce greater stability and a smaller 
amount of free energy, and is not opposed to the presence of three 
double linkages. 

Stohmann's conclusions have also been contested by BrQhl,* who 
adopts an entirely diffei*ent attitude in the interpretation of his 
results. He shows from Stohmann's own observations that sub- 
stantial differences in heats of combustion are frequently found among 
isomeric and even stereoisomeric compounds, aud that these effects 
mainly depend on the stability of the compounds in question. The 
unequal differences observed in the heats of combustion of the 
different states of hydrogenation of benzene depend on the stability 
of the individual compounds. When a body passes from a less to a 

» AnnaUn, 1915, 407, U8. • J, prakL Chem., 1894 (2), 49, 260. 
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more stable condition it loses heat energy, and, according to BrUbl, 
the differences obtained by Stohmann are fully accounted for by the 
g^reater stability of benzene and hexahydrobenzene, compared with 
that of the intermediate compounds. This stability of the benzene 
molecule is attributed to the symmetry of the Kekuld formula. The 
argument might be applied with equal force to the diagonal formula, 
which is even more symmetrical. 

But there are other reasons for doubting Stohmann's conclusions. 
In the first place, the value for the double bond varies greatly in 
different compounds, and even in compounds which are so closely 
related as geometrical isomers or the three dihydroterephthalic acids. 

Moil, fftrn, . 
cats. 

Ai*4 Dihydroterephthalic acid 886.1 

Ai.» „ 842.7 ^;5 

A«.» „ 845.8 

The variation is still more manifest in the relation between conju- 
gated and unconjugated double linkages. Conjugation means in- 
creased stability and consequently a relatively smaller heat of 
combustion. The conclusion is obvious that if there exists a differ 
ence between the highest and lowest value among isomeric dihydro- 
terephthalic acids of 9-7 cals., it is impossible to foretell the effect of 
the additional double bond in terephthalic acid, except that it is 
almost certain to have a value very different from the mean of that 
which divides the di- and tetra-hydro acids. 

The ultra-violet absorption of benzene both as liquid and vapour 
has been very carefully studied by Hartley and Baly (p. 87) and more 
i«cently by Stark. ^ Stark, by means of a fluorspar spectrograph, has 
been able to examine the absorption spectrum of benzene vapour in 
a region beyond that previously observed. In this region there are 
indications of absorption by saturated hydrocarbons such as cycle- 
hexane, as well as by unsaturated ring compounds such as cyclo- 
hexene and cyclohexadiene, which show well-marked broad bands- 
The conjugation of linkages in the second case is indicated by the 
shifting of the bands towards the visible region and an intensification 
of the less refrangible band. Benzene shows an entirely different 
spectrum, and the conclusion is drawn that the character of the 
linking is of a special kind and different from the ethenoid type. It 
has yet to be shown that these marked differences in absorption 

1 Jahrb. RadiaakHve Elektrotechnik, 1913, 10, 189, 175. 
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spectra are due to a difference in the character of the linkage and not 
to some other cause, seeing that wide discrepancies appear in the 
absorption bands of benzene and many of its simple derivatives 
(p. 87). 

In conclusion it must be admitted that the evidence of physical 
properties has thrown little new light on the benzene problem. 



8pao« Formiilaa ftor Bensene. Whatever view has been taken 
of the structure of benzene, it has sooner or later found expression 
in a space formula. Bepresenting the carbon atoms by tetiahedrsy 
KekuU's formula will assume the following form : 




Fio. 60. KekuU'8 space formula. > 

It will be noticed that the hydrogen atoms lie in the same plane 
with the carbon atoms, and consequently, however dissimilar the 
groups replacing hydrogen may be, no asymmetric molecule can 
be formed. Also, the breaking of a double bond by reduction 
obviously involves two carbon atoms. 

In Baeyer's space formula' the tetrahedra are arranged in a 
compact ring, each with a face on the same horizontal plane, and 
with the hydrogen linkages pointing upwards, so that the hydrogen 
atoms lie in a parallel plane with the carbon atoma 



> This and the foIIowiriK figures are taken from Graebe. B«r., 1902, 36, 626w 
s AnfMlerif 1888, 246, 123; see also Erlenmeyer, jtm., AnnaUnf 1901, 316, 57. 
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Fie. 61. Baeyer*fl space formula. 

A similar arrangement to Baeyer's has been suggested by Harsh, 
Vaubely'' and others. 




Fio. 62. Vaabera space formula. 

In this formula the tetrahedra are arranged alternately above and 
below the middle plane so that three hydrogen atoms lie in one plane, 
three in another and the six carbon atoms occupy two parallel planes 
between them. In both Baeyer's and Yaubel's space formulae, 
hydrogenation does not necessarily involve more than one carbon 
atom at a time. 

Another space formula of a very different type has been proposed 
by Sachse.' It is formed by cutting away two parallel faces of an 
octahedron and superposing tetrahedi-a on the remaining six faces. 




Fto. 68. Sachse's space formula. 

' Ph(L Mag., 1888, 26, 426. 

* J, prakL Chem,, 1891, 44, 187 ; 1894, 40, 808 ; 50, 68. 

* JScr., 1888, 21, 2580 ; 1890, 28, 1868. 
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The model is easily made by cutting a piece of thin card of the 
following shape (Fig. 64), nicking it and bending it over where the 
dotted lines are drawn, and fastening the ends, when it will form 
an octahedron with two parallel faces missing. 




Fig. 64. 
The tetrahedra are made in a similar way by cutting out and 
bending pieces of the following shape (Fig. 65). 




Fig. 65. 

Each of the tetrahedra should be placed on one of the six faces 
of the octahedron, which will assume the form shown in Fig. 58, 
but each tetrahedron should be fastened only by an edge (with 
gummed paper) to the left-hand vertical edge of the face so as to 
enable the process of hydrogenation to be realized. In Sachse^s 
model the hydrogen atoms lie in two parallel planes^ whilst the 
carbon atoms occupy a parallel plane between them. Also, the 
hydrogenation of one carbon atom does not necessarily involve that 
of a second carbon atom. 

Sachse proposed the formula with the object of representing the 
most stable, compact, and symmetrical grouping of six tetrahedra, 
and it has received the support of BrUhl ^ and of Thiele.' 

On the theory of conjugated systems of double bonds, to which 
reference has already been made, Thiele' has pointed oat that 
benzene represents a twofold conjugated system (Part I, p. 1^). 
Supposing that each carbon atom of benzene possesses a partial 
valency, and that, as previously explained, adjoining partial valencies 
neutralize one another or become conjugated, the result will be 
equivalent to a potential double link between each pair of carbon 
atoms. 

CH CH CH 

. .HG^CH-... HC /^CH Hc/\CH 



•••Hci 



CH— HC 



( 



CH HC 



"CH 



CH CH CH 

> J. prakL Chem,y 1894 {2\ 49, 286; ZeiUphys. Cfmn., 1898, U, 214. 
« AYwalm, 1901, 819, 186. » Annalm, 1899, 306, 125. 
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Such an arrangement will, according to Thiele, explain the stability 
of benzene, its difference from ordinary olefinic compounds with 
three double bonds, and, more especially, its behaviour on reduction ; 
for if hydrogen is added in the ortho or para positions, as in the 
reduction of phthalic or terephthalic acid, the conjugated double 
bond is transformed into an ordinary olefinic linkage* 

X H 



/\ .../S-- i/VH 



V 




\/\x 



\x 

/H 



The first acquires four partial valencies, and can consequently unite 
with four atoms of bromine, whilst the second is endowed with two 
and can therefore only form a dibromo-derivative, which, as Thiele 
points out, is in complete agreement with Baeyer's observations. 
Various other arguments are brought forward in support of this 
formula for which the original paper must be consulted. 

Thiele adopts Sachse*s formula as the effective space representation 
of his view of the structure of benzene. When examined it will be 
observed that each carbon atom is linked by two pairs of bonds to its 
neighbours and by one to hydrogen. Each carbon is apparently 
provided with five bonds ; but as two pairs are conjugated they are 
to be regarded, it is presumed, like centric valencies, that is, as 
modified in character. 

It is not our intention to discuss the arguments for and against 
each of the above space formulae ; but it may be observed that any 
formula to be satisfactory must represent in a simple fashion the 
symmetry of the molecule, the process of hydrogenation, the anhy- 
dride formation of ortho compounds and the relation to naphthalene 
and other multinuclear hydrocarbons. These points have been 
discussed in detail by Graebe,^ who finds that Kekul^'s formula 
is the only one which meets the many demands made upon it. 
It may be stated also that, with the single exception of Kekul6*s 
formula, there is one inherent defect in all. Unless the carbon and 
hydrogen atoms lie in the same plane, the replacement of two 
hydrogen atoms by different groups in the ortho or meta position 
leads at once to asymmetry and to the possibility of optical 
enantiomorphs. It has already been pointed out in connection with 
Ladenburgs formula (p. 898) that neither among artificial nor 

> Bar., 1902, 85, 626. 
PT. U EC 
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natural products have substituted benzene derlvativeB of this 
character been observed. 

In reviewing the more important evidence which has been 
accumulated on the subject of the benzene formula there seems to 
be no statical representation which explains so large a number of 
facts as KekuU's formula. When it has been proved that simple 
benzene derivatives can exist in optically active forms it will be time 
to reconsider the position. 

Dynamic Formulae for Beniene. At a very early period in 
the history of the benzene formula, Kekul6 put forward a dynamic 
hypothesis to explain the equivalence of the two ortho positions 
(p. 394). This was followed by Knorr's oscillation formula, in which 
only the hydrogen atom was assumed to oscillate between each pair 
of carbon atoms. Knorr*s view, which bears a close resemblance 
to Laar's theory of tautomerism, was the direct consequence of the 
observation establishing the identity of methyl pyrazole obtained 
from two different phenylmethyl pyrazoles, and has already been 
discussed (p. 328). In 1897 a new dynamic formula was proposed 
by Collie,^ in which the carbon groups as a whole are supposed to 
rotate as well as change their relative positions. Without a model 
it is impossible to describe the evolutions of this mobile system ; 
but it is claimed that it represents in turn the Kekuld and centric 
arrangement as phases of the one formula. Latterly, the study of 
the absorption bands in the ultra-violet region of the spectrum has 
led to views on the dynamical condition of benzene, which promise 
a very interesting development. According to Hartley,* six, or 
according to Baly and Collie,' seven, distinct absorption bands are 
produced by benzene. These bands are accounted for by synchronous 
oscillations of the molecule, in much the same way as a tuning-fork 
vibrates in response to a note of definite pitch. The nature of these 
molecular vibrations are, however, differently interpreted by the two 
observers. Hartley supposes the carbons to be rotating and alter- 
nately passing through a double and single (or centric) link phase. 
If the passage from single to double linking produces a band, the 
first phase which involves the making of three double links will pro- 
duce three bands and the second phase another three bands, making 
six together, though it is not obvious why the same recurrent process 
should produce six sets of oscillation frequencies. Baly and Collie 
take a different view. The oscillations are connected with dynamic 

^ Trans. Chem. Soc., 1897, 71, 1013. * Trans, Chem. Soe,, 1906, 87, 1822. 

* Trans. Chem. Soc, 1906, 87, 1832. 
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cliange involved in the making and breaking of the links between 
one or more pairs of carbon atoms. 

Now, it is possible to produce from the six carbon atoms, consti- 
tuting benzene, seven combinations of one, two, and three pairs of 
carbon atoms. If making and breaking of links occurs between these 
pairs, it will set up vibrations in the benzene ring which correspond 
to the seven absorption bands, and these vibrations are compared 
with an expanding and contracting elastic ring.^ 

Electronic Foimvlae for Senicne. One electronic formula for 
benzene, proposed by Fry in order to explain the process of sub- 
stitution, has already been described (Part I, p. 160). Another 
formula based on the theory of dual afiSnity (Part I, p. 99) has been 
suggested by Sir J. J. Thomson,^ and takes the following form for 
benzene and naphthalene : 

H H H 

i! H il 

tit itr tit ti iti „ 

^^^^ ^^^^^ 

HC H H ^C C 

it it it 

II H H 

Benzene. Naplithalene. 

The formulae are derived from the accepted structural gi-ouping 
of the atoms, and have contributed little to the solution of the 
benzene problem. 

References. 

Dm BemoUhwrie, by W. Marekwald. Ahrens' Vortrdgej 1897, 2, 1. Enke, 
Stuttgart. 

Lehrfmch dor organischen Chemie, by E. Erlenmeyer, vol. ii, Introduction by 
Richard Meyer. Leipzig, 1882. 

Lehrbueh der organischen Cksmitf by V. Meyer and P. Jacobson, vol. ii, p. 41. 
Veit, Leipzig, 1902. 

Kite and Dev^opment of Organic Ckemiatryt by C. Schorlemmer, edited by 
k. Smithella. MacmiUan, 1894. 

* Trans. Ch^m, Soc, 1906, 89, 624. » Phil. Mag., 1914, 27, 784. 



INDEX OF SUBJECTS 



Abnormal neutrality, 847. 

Absolute asymmetry, 266. 

Absolute method of KOroer, 335. 

Absorption Spectra, 71 ; dynamic iso- 
mers, 850 ; benzene, 87 ; theory of, 
85 ; types, 74 ; colour, 112 ; of alka- 
loids, 78 ; and structure^ 75 ; dynamic 
isomerism, 88 ; aromatic compounds, 
87. 

Acetaldoxime, 291. 

Acetoacetic ester, absorption spectrum, 
88, 85; Frankland's formula, 815; 
Geuther's formula, 815 ; magnetic 
rotation, 57 ; refraotivity, 87, 89 ; 
tautomcrism of, 815. 

Aeetochloranilide, isomeric change, 
871. 

Acetophenoneoxime, 290, 866 ; 0-ben- 
zoate, 868. 

Aoetylacetone, absorption spectrum, 
81 ; magnetic rotation, 51, 846. 

AcetyIdib«nzoyl methane, 881. 

Acetylene compounds, polymerisation 
by light, 148. 

Acid-stable ozimes, 288. 

Aci-nitro compounds, 108. 

Acridine, 96, 99. 

Aoridine, yellow, 140. 

Active component, 169. 

Active compounds, 172 ; conversion 
into derivatives, 190. 

Activity, sm Optical activity. 

Acylamino-ketones, 871. 

Acylbromanilides, isomeric change, 
871. 

Acylchloranilides, 871. 

Acyldimethyl malates, rotation, 287. 

Addition products, action of light, 144. 

Affiiiity constants of organic acids, 269. 

Alanine, resolution, 188; inversion, 
192. 

Alcohols, action of light, 154. 

Aldoxime acetic acid, 290. 

Aldoximes, 278; configuration, 283; 
copper compounds, 284. 

Alizarin, structure and colour, 102. 

Alkaloids, spectra, 77 ; structure, 77 ; 
for resolving stereoisomers, 188. 

Alkylisooyanides, 866. 

Alkylpyridines, 870. 

Alkylpyridinium iodides, 870. 

AlkylMUcciuic acids, 179, 269. 

Allelotropism, 851. 

PT. U 



AUocinnamic acid, action of halogens, 
145 ; heat of combustion, 65 ; in- 
version, by light, 150; polymerisa- 
tion, 148 ; stereochemistry, 248, 246, 
249. 

Amide-imidol tautomerism, 822. 

Amides, conversion, 868. 

Amidines, tautomerism, 826. 

Aminoazobenzene, colour, 99, 100, 
109. 

Amphi-compounds, 279. 

Amygdalih, 187. 

Amyl alcohol, active, 170, 178. 

Amyl compounds, rotation, 174, 205. 

Amyl esters, rotation, 205. 

Angelic acid, 242, 255. 

Anil compounds, isomerism, 281, 298. 

Aniline hydrochloride, magnetic rota- 
tion, 55 : spectrum, 88. 

Anisaldoxime, 280. 

Aniftyldioxime, 281. 

Anomaly, optical, 28. 

Anthracene, action of light, 158; 
fluorescence, 189; heat of com- 
bustion, 64; luminescence, 125; 
polymerisation, 158 ; refractivity, 28. 

Anthraquinones, colour, 108. 

Anti-compoundK, 278. 

Antipodes, aes Enantiomorphs. 

AposMfranine, 141. 

Arabinose, 185, 282. 

Aromatic compounds ; absorption 
spectra, 87 ; heat of combustion, 
68 ; magnetic rotation, 53 ; proper- 
ties, 381 ; refractivity, 27. 

Asparagine, 181, 182. 

Aspartic acid, 178, 187. 

Assimilation of carbon dioxide, 155; 
action of light, 157. 

Asymmetric carbon compounds, 172; 
number, 209 ; cyclic compounds, 209. 

— nitrogen compounds, 804. 

— phosphorus compounds, 811. 

— selenium compounds, 808. 

— silicon compounds, 810. 

— sulphur compounds, 308. 

— synthesis, 200, 201. 

— tin compounds, 310. 
Asymmetry of tartaric acid, 168; 

absolute and relative, 205. 
Aurin, 95, 119. 
Autoracemisation, 189. 
Auxochrome, 91, 97. 
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Auzocbrome theory, 128. 

Auxoflores, 188. 

Axial-symmetric, 248. 

Axidee, coDTeraion, 868. 

Azo compoundd, colour, 91, 97, 101, 

109, 118. 
Azo-hydrazone, tautomeiism, 824. 

Bmcillus ethaceticus, 181. 

Bathoflores, 188. 

Beckmann reaction, 286 ; change, 866. 

Beer's law, 73, 85. 

Benzaldehyde-phenylhydrazoDe, action 
of light, 156. 

Benzaldoximes. structure, 278 ; con- 
figuration, 288 ; inyersion, 288 ; 
ethers, 270. 

Benxaurin, 119. 

Benxbetaine. 76. 

Benzene, absorption spectrum, 87 ; 
heat of combustion, 68, 411 ; lumi- 
nescence, 124 ; magnetic rotation, 
54, 410; refractivity, 28, 408; 
Kekul^'s formula, 878; properties, 
380 ; symmetry, 887 ; ring structure, 
389 ; btatlcal formulae, 890 ; diagonal 
formula, 392 ; Claus' formula, 892 ; 
Laden burg*s formula, 398 ; centric 
formula, 405 ; Armstrong-Baeyer's 
formula, 405 ; physical evidences of 
structure, 408 ; molecular volume. 
410 ; space formula of Kekul^. 414 ; 
of Baeyer. 414 ; of Vauhol, 416 ; of 
Sachse, 416 ; of Thiele, 416 ; dynamic 
formulae, 418; electronic formulae, 
419; Baeyer's researches, 895. 

Benzenediazoaminotoluene, tautomer- 
ism, 327. 

Benzene hexabromide, isomerism, 262 

— hexachloride, 262. 

— triozonide, 380. 
Benzenoid, aes Aromatic. 
Benzhydroxamio acid, 281. 
Benzhydroximie acids, 281 ; deriva- 
tives, 282 ; configuration, 2S2. 

Benxidine conversion, 372. 
Benzildioxime:<. 271, 279. 
Benzilic acid, 361. 
Benzil monoxime, 272. 
Benziminoethyl ether. 864. 
Benzoin, active form, 185. 
Benxophenoneoxime, 867. 
Benzoylacetic acid oxime, 290. 
Benzoylacetylmethane, 831. 
Benzoyl camphor, 364. 
Benzoy Id i acetyl methane, 381. 
Benzpinaoone, 858. 
Benzylazide, 868. 
Benzylidene diacetone acetic ester, 

333. 
— diacetylacetone, 338. 
Benzyl propyl ethyl silicol, activity of, 

810. 



Berthelot's calorimeter, 69. 

BiroUtion, 282. 

Bisnitrosylbenzil compounds, 289. 

Blomstrand's formula, 295. 

Bomb calorimeter, 60. 

Boric acid, effect on rotation, 231. 

Bornyl chloride, magnetic rotation, 53L 

Boryl alkali tartrate, 232. 

Brassidic acid, isomerism, 242, 247, 

255. 
Bromacrylic acid, 248. 
Bromangelic acid, 255. 
Bromination, action of light, 145. 
Bromobutylenea, 248, 256. 
Bromocamphorsulphonic acid, 188, 

281. 
Bromocinnamic acid. 247, 249. 
Bromofumaric acid, 248, 254. 
Bromoisostilbene, 247. 
Bromomaleic acid, 248. 
Bromomethyl-camphor. 84. 
Bromonitro-camphor, 84. 
Bromopropionic acid, inversion, 192. 
Bromopropyleue, 247. 
Bromostilbene, 248, 265. 
Bromosuccinic acid, 187. 
Butylenes,. 256. 

Galorimetry, 66. 
Camphene, 81, 35. 
Camphocarbnxylic ester, 39. 
Camphor, rotation, 226. 
Camphordioxime, 279, 281. 
Camphoric acid, 187, 203, 210, 261. 
Camphorimide, 366. 
Camphoixjuinone-hydrazone, 826. 

— phenylhydrazone, 326. 
d-Campliorsulphonic acid, 188, 804. 
Canadine, spectrum, 79. 
Carbanilido-benzaldoxime, 274, 284. 
Carbohydrate, formation iu plants, 

168. 
Cark>on, heat of combustion, 68. 

— dioxide, assimilation, 155. 
Carbonium valency, 118. 
Carbonyl chloride, formation, 144. 
Carbostyril, 76, 77. 

Caronic acid. 261. 
Carvenone, 31,320. 
Onrvoxime, 205. 
Centric formula, 405. 
Chlorimides, stereoisomeric, 281, 292. 
Chlorimino ethers, 298. 
Chlorination in light, 144, 146. 
Chloriodomethane sulphonic acid, 186. 
Chlorobenzophenoneoxime, 278. 
Clilorocrotonic acid», 248. 
Chlorophyll, function, 169. 
Chloroeuccinic acidf, 176; inversion, 

192. 
Chromogen, 91. 

Chromoisomerisra, theory, 103. 
Chromophoresy 91. 
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Oliromotropism, 104. 
Chrysaniline, colour, 140. 
Cinchonine, 79. 

Cinnamic acid, action of light, 150 ; 
bromination, 145; stei'eoisomerism, 
248, 249. 
Cis-form, 243. 
Citraconic acid, 248, 244. 
Colour, and absoi-ption spectra, 112; 
and configuration, 97 ; and structure, 
90 ; and valency, 105 ; and dynamic 
isomerism, 850. 
— theories of Baeyer, 117 ; Baly, 123 ; 
Hartley, 113; Kauffmann, 123; 
Nietzki, 94; Watson, 97; Pfeiffer, 
• 122 ; WilUtfttter, 120 ; Witt, 90. 

Completed isomeric change, 858. 

Configuration, of geometrical isomers, 
288; methods of determination, 
248 ; of aldoximes, 288 ; of keto- 
ximes, 284 ; of benhydroximic acids, 
2S5 ; of dioximes, 286 ; of diazo- 
compounds, 296. 

Conjugated aci-nitro compounds, 106. 

Conjugated double bonds, 28 ; heat of 
combustion, 67 ; magnetic rotation, 
53 ; refpactivity, 28. 

Constants for the elements, disper- 
sivity, 25 ; heat of combustion, 66 ; 
magnetic rotation, 48 ; molecular 
Tolume, 9 ; refractivity, 25. 

Constitution, see Structure. 

Conversion of benzidine, 372 ; diazo- 
aminobenzene, 375 ; pinacone, 357. 

Corydaline, spectrum, 79. 

Cotarnine, spectrum, 78. 

Cou marie acid, 245. 

Coumarin, 136, 245. 

Co- volume, 16. 

Crotonic acid, 399. 

Crystal violet, structure, 116. 

Cumulated double bonds, 28. 

Oyanide-Imide tautomeriam, 821. 

Cyanuric acid, tautomeriam, 328. ^ 

Cyclic compounds, action of light, 
146 ; magnetic rotation, 52 ; heat of 
combustion, 68 ; molecular volume, 
12 ; refractivity, 27 ; stereochemistry, 
210, 260. 

Cyclobutane dicarboxylic acid, 266. 

Cyclohezane, heat of combustion, 69 ; 
magnetic rotation, 52; molecular 
volume, 12 ; refractivity, 27. 

Cyclo-octadiene, 149. 

Cyclo-octatetrene, 29, 881, 410. 

Cycloparaffins, heat of combustion, 
68 ; molecular volume, 12 ; refrac- 
tivity, 27. 

D condition of benzene, 124. 
Decomposition, photo-chemical, 158. 
Density of stereoisomers, 179, 203 ; of 
dynamic isomers, 345. 



Desmotropic compounds, 830. 

Desoxybenzoin, 338. 

Dewar, benzene formula, 124. 

Diacetoacetic ester, 363. 

Diacetonitrlle, 821. 

Diacetosuocinic ester, 833. 

Diacyl anilides, conversion, 371. 

Diagonal formula, 392. 

Dialkyl succinic acid, properties, 179 ; 
afilnity constants, 267. 

Dialkylsuccinosuccinic esters, iso- 
merism, 261. 

Diallyl, 28. 

Dianthracene, 153. 

Diazoamino-compounds, tautomensm, 
327 ; conversion, 875. 

Diazobenzene cyanides, 294. 

Diazo benzene sulphonates, 294. 

Dlazo-compounds, action of light, 151 ; 
stereochemistry, 281, 293 ; structuiv, 
295 ; configuration, 296 ; isomeric 
change, 297. 

Biazonium compounds, see Dlazo-com- 
pounds. 

Diazotates of potassium, 294. 

Diazotype process, 151. 

Dibeuzalsuccinic acid, 252, 259. 

Dibenzoylethylene, 252. 

Dibenzoylmethane, 81, 331, 863. 

Dibenzoylsuccinio ester, 332. 

Dibromofumaric acid, 247. 

Dibromohexahydroterephthalic acid, 
396. 

Dibromomaleic acid, 247. 

Dibromosuccinic acid, 249. 

Diethylsuccinic acid, 179. 

Dihydrocarvone, 820. 

Dihydromuconio acid, 398. 

Dihydrophthalic acid, 402. 

Dihydropiperic acid, 898. 

Dihydroterephthalic acid, 308. 

Diketopiperazines, 267. 

Dimethyldiketohexane, 211, 268. 

Dimethyldiketopiperazine, 211. 

Dimethylethylisoamylammonium 
salts, 302. 

Dimethylglutaconic acid, 851, 361. 

Dimethylglutaric acid, 351. 

Dimethylsuccinic acid, 179, 228, 267. 

Dioximes, configuration, 286. 

Dipentene, 31, 262. 

Diphenylacetaldehyde, 858. 

Diphenylbutadiene, 124. 

Diphenylethylene derivatives, 91. 

Diphenylhexatriene, 91. 

Diphenyline, 872. 

Diphenylpyrone, 133, 140. 

Diproparagyl, 379. 

Dipropyloyanacetic ester, 175. 

Dispersion, rotatory, 217. 

Dispersivity, 40. 

Dissociation constants of organic acids, 
269. 
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DObner's violet, 119. 

Double bond, conjugated, 28; cumu- 
lated, 28 ; heat of combustion, 67 ; 
isolated, 28 ; magnetic rotation, 49 ; 
molecular volume, 12 ; refractivity, 
24. 

Dulcitol, 178. 

Dyads, 818. 

Dynamic formulae for benzene, 418. 

— hypothesis of KekuU, 894. 

— isomerism, 852 ; absorption spectra, 
88, 850 ; refractivity, 86 ; theories, 
850. 

— isomers, 880 ; equilibrium, 884 ; 
structure, 884 ; refraction and dis- 
persion, 86, 845 ; magnetic rotation, 
846 ; electrical conductivity, 846 ; 
density, 845 ; solubility, 844 ; melt- 
ing point, 844 ; optical activity, 848 ; 
electrical oscillation's, 848 ; action 
of solvents, 889 ; action of reagents, 
884 ; physical methods, 839. 

Electrical conductivity of dynamic 
isomers, 846. 

Electrical oscillation of dynamic 
isomers, 848. 

Electronic formulae for benzene, 419. 

Electronic theory of absorption, 85 ; 
of fluorescence, 132. 

Electrons, loosened, 86 ; saturated and 
unsaturated, 86. 

Eraulsin, 186. 

Enantiomorphs, 169 ; properties, 182^ 

Epibromhydrin, 195. 

Epichlorhydrin, 195. 

Erucic acid, 242, 255. 

Erythritol, 179. 

Ethylene bond, conjugated, 28 ; cumu- 
lated, 28 ; heat of combustion, 67 ; 
isolated, 28 ; magnetic rotation, 49 ; 
molecular volume, 12 ; refractivity, 
24. 

Eugenole, 80, 67, 819. 

Euterpene, 852. 

Exaltation, magneto-rotatory, 53 ; opti- 
cal, 28 ; thermo-chemical, 67. 

Exocyclic compounds, 42. 

Externally compensated compounds, 
177 ; resolution, 179. 

Feer's process, 151. 

Fixed configuration, 268. 

Fluorane, 188, 189. 

Fluorene ketone, 111. 

Fluorescein, 138. 

Fluorescence and structure, 182; theory 

of, 183, 188. 
Fluorogens, 184. 
Fluorophores, 188. 
Formaldehyde, formation in plants, 

158. 
Formaldoxime, 280. 



I Formazyl compounds. 826. 
Formylacetic ester, 881, 346. 
Formyl bromooamphor, 88. 
Formylphenylacetic eater. 88, 333. 
Fructose, mutarotation, 282. 
Fuchsine, 99. 
Fuchsone, 95, 118. 
Fulgenic acids, 92. 
Fulgides, 152. 
Fulvenes, 92. 
Fumario acid, 240, 899 ; configumtion, 

248 ; oxidation, 249 ; inversion, 258 ; 

comparison with cyclic acids, 2<M, 

267. 
Fumaroid form, 248. 
Functional tautomerism, 827. 
Furfuraldozime, 279. 

Qaldie acid, 242, 258. 

Gaiactonic acid, 178. 

Galactose, 182 ; mutarotation of, S!82. 

Geometrical isomers, 242; action of 
light, 152 ; configuration, 289, 248 ; 
heat of combustion, 65 ; inversion, 
251 ; magnetic rotation, 46 ; pro- 
perties, 241 ; multiple double-bonds, 
240, 259 ; combined with optical 
isomers, 266 ; refractivity, 22 ; 
theories, 253. 

Gladstone-Dale formula, 20. 

Glucose, 178, 232 ; cyanhydrins, 200 ; 
dynamic isomers, 849 ; mutarota- 
tion, 282. 

Glucosides, 185. 

Glutamic acid, 187. 

Glyceric acid, 181. 

Glyoximes, 286. 

— dicarboxylic acid, 281, 284. 

Gnoscopine, 79. 

Grape-sugar, aee Glucose. 

Guanidine, 326. 

Haemopyrrole, 160. 

Halochromy, 118. 

Heat of combustion, 56; conjugated 
double bond, . 67 ; conatanta, 66 ; 
cyclic compounds, 68 ; double-bond, 
67 ; homologous series, 65 ; hy- 
droxyl oxygen, 66; isomers, 64; 
stereo-isomers, 64 ; benzene struc- 
ture, 68. 

Heat of formation, 68. 

Helianthines, colour, 109. 

Heterocyclic compounds, tautomerism, 
827. 

Hexadiene, 88. 

Hexahydrobenzene, see Cyolohexane. 

Hexahydrophthalic acid, 898, 401. 

Hexahydroterephthalie acid, 896, 401 ; 
bromination, 896. 

Hexatriene, 410; refractivity, 28; 
magnetic rotation, 53. 

Holoquinoid compounds, 120. 

Homoohromoisomerism, 111. 
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Homologous aeries, heat of combus- 

tion, 66 ; magnetio rotation, 46 ; 

molecular volume, 8; refractivitv, 

28. 
Hydantoin, racemisation, 188. 
Hydrastine, 79. 
Hydrazones, action of light, 161 ; 

stereoisomeric, 281, 291. 
Hydriodic acid, action of light, 143. 
Hydrobenzoin. 210. 860. 
HydrocarboBtyril. 866. 
Hydrocotarnine, 79. 
Hydrooyclic compounds, aliphatic 

character, 404. 
Hydrogen peroxide in plants, 169. 
Hydrohydrastinine, 79. 
Hydromellitic acid, 260. 
Hydroximio acids, configuration, 286. 
Hydrozyazo-componnds, 829. 
Hydroxycaifeine, 828. 
Hydroxyniethylene camphor, 88, 846. 
Hydroxy pyridine, 828. 
Uypogaeic acid, 242, 268. 

Inactive compounds, 176 ; divisible 
type, 176 ; indivisible type, 176. 

Indazole, 297. 

Indicators, 126. 

Indone, 96. 

Induline, 96. 

Infra-red spectrum, 70. 

Inositol, 218. 

Internal compensation, 177. 

Inversion, optical, 191 ; geometrical, 
261 ; oximes, 287 ; theories, 197. 

lodonium compounds, asymmetric, 
812. 

Ionic isomerism, 847. 

Isacetophenone ethyl ether, 868. 

laatin, tautomerism, 814, 822, 886; 
structure, 76. 

Isocamphorio acid, 210. 

Isoconine, 276. 

Isocrotonio acid, 242. 

Isodibutylene, 819, 862. 

Isoeugenole, 80, 67, 819. 

Isogeraniolene, 862. 

Isohydrobenzoin, 179 ; resolution, 181. 

Isohydromellitic acid, 260. 

Isolated double bonds, 28. 

Isomeric change, 818 ; action of light, 
149; completed, 866; mechanism of, 
864 ; reversible, 862 ; velocity, 862. 

— oximes, 280. 

Isomerism, early examples, 162 ; 
paraffins, 162; lactic acids, 168; 
tartaric acids, 166 ; ionic, 847. 

Isomers, action of light, 149 ; heat of 
combustion, 64 ; magnetio rotation, 
46 ; molecular volume, 7 ; refrao- 
tivity, 22 ; optical, 169 ; geometrical, 
288 ; optical and geometrical, 266 ; 
dynamic, 880 ; ionic, 847. 



Isonitrosocamphor, 866. 
Isophthalio acid, reduction, 408. 
Isopinone, 86. 
Isorropesis, 83. 
Isosafrole, 80. 
Isostilbene, 266. 

Kairoline oxide, 807. 

Ketones, colour, 94. 

Keto-enol tautomerism, 820 ; absorp- 
tion spectra, 81 ; magnetic rotation, 
6 ; molecular volume, 17 ; refrao- 
tivity, 86. 

Ketones, colour, 92. 

Ketoximes, configuration, 284. 

Kopp's law. 4. 

Kundt*s rule, 78, 86. 

Lactic acid, constitution, 164 ; in- 
version, 198 ; isomerism, 168 ; race- 
misation, 166 ; configuration, 170 ; 
resolution, 181, 182 ; specific rota- 
tion, 217. 

Lactide, 187, 226. 

Lactone, tautomerism, 829. 

Lactose, mutarotation, 282. 

Laudanine, absorption spectrum, 80. 

Laudanosine, absorption spectrum, 80. 

Law, Landolt-Oudemans^ 281. 

Leucine, 176 ; resolution, 188 ; racemi- 
sation, 187. 

Light, action on organic compounds, 
141 ; energy absorbed by leaves, 166. 

Limonene, heat of combustion, 68; 
magnetic rotation, 62 ; raoemisation, 
187. 

Lipase, 186. 

Lorentz-Lorenz formula, 20. 

Luminescence, 128. 

Luminophores, 128, 124, 184. 

Magenta, structure, 99. 

Magnetic rotation, 48 ; aromatic com- 
pounds, 68 ; constants, 48 ; double- 
bond, 68 ; dynamic isomers, 846 ; 
exaltation, 68; homologous series, 
46 ; isomeric compounds, 46 ; ring 
formation, 62 ; series constants, 46 ; 
stereoisomers, 46 ; structure, 60 ; 
terpene and camphor group, 62. 

Maleic acid, 248, 244 ; configuration, 
246 ; oxidation, 249 ; inversion, 268 ; 
comparison with cyclic acids, 264, 
267. 

Maleinoid form, 248. 

Malic acid, optical activity, 178; in- 
version, 192; properties, 208 ; par- 
tially racemic, 206 ; effect of added 
substances, 281 ; relation to maleio 
acid, 266 ; fixed configuration, £68. 

MalUse, 186. 

Maltose, mutarotation, 282. 
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Mandelic acidi 178 ; inversion, 194 ; 

raoemisation, 187 ; resolution, 182, 

186 ; properties. 208 ; rotation, 287. 
Mandelic ester, 228, 287. 
Mannosc, action of yeast, 182 ; muta- 

rotation, 282. 
Mechanism of Beokmann change, 868 ; 

isomeric change, 854; dyiutmic 

isomerism, 852. 
Mel ib lose, mutarotation, 282. 
Melting-point, of stereoisomers, 179, 

208; of geometrical isomers, 261. 
Menthadiene, magnetic rotation, 58; 

molecular refraction, 81 ; optical 

rotation, 224. 
Menthenes, rotation, 224. 
Menthyl esters, rotation, 220 et seq. 
Menthyl hydrazine, 185. 
Meriquinoid compounds, 120. 
Merochrome, 105. 
Mesaconic acid, 228, 248, 252. 
Mesitylene, structure, 888. 
Mesityloxide, 87. 

Mesityloxide oxalic ester, 38, 831. 
Mesotartario acid, 178 ; properties, 

179 ; rotation, 228 ; from maleic 

acid, 248. 
Mesotartaric acid ester, resolution, 177. 
Mesoxamide oxime, isomerism, 850. 
Metaldehyde, configuration, 268. 
Metamerism, 830. 
Methoxyca Seine, 864. 
Methoxysuccinic acid, 175. 
Methylacetylaoetone, magnetic rota- 
tion, 51. 
Methylaconitic acid, 851. 
Methylisatin, 76. 
Methyl orange, as indicator, 127. 
Methylpseudolsatin, 76. 
Methylpyrazole, 818, 828. 
Migration of radicals, 856 et seq. 
Mixtures of enantiomorphs, 202; 

pseudo-racemio, 205. 
Modified optical anomaly, 82. 
Molecular co-volume, 16. 

— dispersivity, 41. 

— magnetic rotation, see Magnetic 
rotation. 

— reiractivity, 20 ; action of solvents, 
84 ; aromatic compounds, 27 ; con- 
stants, 24 ; double-bond, 24* ; dy- 
namic isomerism, 86; exaltation, 
28 ; homologous series, 28 ; halogens, 
25 ; isomeric compounds, 21 ; nitro- 
gen, 26; ring formation, 27; stereo- 
isomers, 22 ; structural problems, 
84 ; sulphur, 26. 

— solution volume, 15 ; constants, 15 ; 
tautomerism, 17. 

•^ volume, 8 ; constants, 9 ; ethenoid 
linkage, 12 ; homologous series, 8 ; 
isomeric compounds, 7 ; ring struc- 
ture, 12. 



Multirotation, 282. 
Mutarotation, 282, 849. 

Naphthalene, heat of formation, 62 ; 

refractivity, 28. 
Narcotine, absorption spectrum, 79. 
Nicotine, activity, 182. 
Niti*ani lines, colour, 99 ; conversion, 

870. 
Nitrocamphor, dynamic isomerism, 83, 

849. 
Nitro-compounds, colour, 94 ; spectra, 

88 ; normal and pseudo, 824. 
Nitrodiazobouzene ethers, stereoiso- 
merism, 294. 
Nitrogen, stereochemistry, 271. 
Nitroketones, colour, 106. 
Nitrolic acids, isomerism, 847. 
Nitro-parafiins, isomerism, 817. 
Nitrophenols, colour, 101, 112, 113; 

isomerism, 847, 350. 
Nitro-pseudonitro, tautomerism, 324. 
Nitrosamine-diazo, tautomerism, 324. 
Nitrosomethylaniline, 370. 
Nitrosophenol, 314 ; tautomerism, 329, 

347, 350. 
Normal nitro compounds, 297. 
Numerical value of rotation, 214* 

Oleftnes, molecular solution volume, 
16 ; molecular volume, 9, 13. 

Oleic acid, 242, 258. 

Optical activity and asymmetry, 169; 
of carbon compounds, 170; and 
pseudo-asymmetry, 208; ofeleetro- 
lytee, 230; of benzene derivatives, 
214 ; of halogen compounds, 227 ; of 
homologues, 220; of cyclic com- 
pounds, 225; of iodine compounds, 
812 ; of structural isomers, 226 ; of 
position isomers, 227; of stereo- 
isomers, 228 ; of solutions, 228 ; of 
non-electrolytes, 228 ; of conjugated 
compounds, 228 ; superposition, 333 ; 
of quinquevalent nitrogen, 299 ; of 
phosphorus compounds, 811 ; of 
silicon compounds, 310 ; o( sulphur 
and selenium compounds, 308; of 
tin compounds, 310 ; of dynamic 
isomers, 348 ; of unsaturated com- 
pounds, 221 ; effect of added sub- 
stances, 281. 

Optical anomaly, 28 ; modified, 32. 

— depression, 84. 

Optical enantiomorphs, 169. 

Optical inversion, 191. 

Optical isomerism, 169; ivith geo- 
metrical, 266. 

Optical superposition, 238. 

OrienUtion, 888. 

Ortho-quinoid group, 90. 

Ortho-semidine, 378. 

Osazones, stereoisomeric, 281, 292. 
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Osoillating double-bond, 851. 
Oscillation frequencies, 78. 
Ozalacetic ester, 846, 848. 
Oxidation, action of liRht, 147. 
Oximes, properties, 280 ; configuration, 

283; conversion. 287 ; stability, 289 ; 

tautomerism, 828. 
Oximino-ketones, colour, 108. 



Pantochromism, 108. 

Papaverine, 80. 

Paraffins, isomerism, 162; magnetic 

rotation, 46 ; molecular solution 

volume, 16 ; molecular volume, 8. 
Paralactic acid, 155. 
Paraldehyde, stereoisomerism, 263. 
Para-linkages, 896. 
Para-quinoid structure, 90. 
Pararosaniline, colour, 99, 100. 
Parasemidine, 873. 
Partially racemic compounds, 206. 
Partial raceinisation, 189. 
Persistence of absorption bands, 74. 
Phellandrene, refractivity, 31 ; rota- 
tion, 224. 
Phenanthrene, heat of combustion, 

68 ; refractivity, 28. 
Phenazine, colour, 96. 
Phenolphthalein, indicator, 128 ; stnic 

ture, 119, 183. 
Phenylacridinium methyl chloride, 77; 

sulphate, 110. 
Phenylammonium salts, 305. 
Phenylaticonic acid, 248. 
Phenyl benzamidines, 326. 
Phenylbromacetic acid, 187. 
Phenylglycine, inversion, 194. 
Phenylmethylacridinium chloride, 

847. 
Phenylmethylacridol, 77. 
Phenylmethylethyl phosphoric oxide, 

811. 
Phenyl methylglycollic acid, inversion, 

194, 201. 
Phenylmethylpyrazole, 828. 
Phenylmethylselenitino bromide, 809. 
Phenylnitramine, 870. 
Phenylnitromethane, 824, 346. 
Phenylnitrosamine, tautomerism, 294. 
Phloroglucinol, tautomerism, 321,825, 

835 ; structure, 80, 81. 
Phosphorescence, 180, 158. 
Phosphorus, asymmetric compounds, 

811. 
Photo-chemical decomposition, 158 ; 

reactions, 148 ; synthesis, 153. 
Photo-che;nistry of organic compounds, 

141. 
Photo-isomeric change, 149. 
Photo-synthesis in plants, 155. 
Phototropism, 151. 
Phthalic acid, reduction, 402. 



Physical properties and structure, 1 ; 
benzene, 408. 

Pinacoline conversion, 857. 

Pinene, magnetic rotation, 52. 

Pinite, 213. 

Plain-symmetric, 243. 

Polymerisation, action of light, 148. 

Polymerism, 162. 

Ponition isomerism, 882. 

Prism formula, 898. 

Product of asymmetry, 235. 

Proline, 187. 

Propionaldoxime, 280, 290. 

Pseudo-acids, 847. 

pBOudo- ammonium bases, 347. 

Pseudo-asymmeti'y, open chain com- 
pounds, 208; cyclic compoundb, 
213. 

Pseudodiazonium compounds, 297. 

Pseudo-isatin, 76. 

Pseudonitro compounds, 297. 

Pseudoracemic mixtures, 205. 

Pseudo-symmetry, 211. 

Pyruvic acid in asymmetric synthesis, 
200 ; configuration of oximo, 291. 

Quebrachite, 213. 
Quiuhydroue, 120. 
Quinic acid, 187. 
Quinine, pyrotartrate, 206. 
Quinoid group, 90. 

— theory, 94. 

Quinol dimethyl ether, 137. 

Quinoneoximes, 281, 315 ; tautomerism, 
329. 

Quinones, colour, 95 ; spectrum, 83 ; 
tautomerism, 828. 

Quinonimine, 96, 120. 

Quinquevalent nitrogen, stereo- 
chemistry, 299. 

Racemic acid, crystalline forms, 179 ; 
optical properties, 179, 203; con- 
figuration, 177 ; resolution, 180 ; 
properties, 176 ; detection of, 202 ; 
from fumaric acid, 249. 

— compounds, 176. 
Racemi«ation, 175. 187; of proteins, 

188; theories, 190; partial, 189. 

Reaction of Beckmann, 234, 366. 

Refractivity, 17 ; action of solvents, 
34 ; aromatic compounds, 27 ; con- 
stants, 24, 25, 26 ; double-bond, 24 ; 
dynamic isomers, 86. 845 ; exalta- 
tion, 28 ; halogens, 25 ; homologous 
series, 28 ; isomers, 21 ; nitrogen, 

26 ; ring formation and structure, 

27 ; stereoisomers, 22 ; sulphur, 27. 
Resolution of inactive compounds, 

179 ; by crystallization, 180 ; by 
biochemical methods, 181 ; by active 
substances, 188 ; of tervalent nitro- 
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gen compounds, 275 ; of quinqueva- 
lent nitrogen compounds, 804. 

Reversible isomeric change, 852. 

Rhamnose, mutarotation, 282. 

Ring structures, heat of combustion, 
68; magnetic rotation, 52; mole- 
cular volume, 12 ; refractivity, 27. 

Rotation, magnetic, 48 ; aromatic com- 
pounds, 58 ; constants, 48 ; double- 
bond, 49 ; exaltation, 58 ; homologous 
series, 46 ; isomers, 45 ; ring foi^na- 
tion, 52; series constants, 46; 
stei-eoisomers, 46 ; structural pro- 
blems, 50 ; terpene and camphor 
group, 52. 

— Optical, determination, 214; specific 
and molecular, 217 ; numerical 
value, 214; non-electrolytes, 228; 
electrolytes, 280 ; influence of added 
substances, 217. 

Rotatory dispersion, 217. 

Sabinene, 27, 85, 68. 

Saccharic acid, 178, 186. 

Safrole, 80, 67. 

Selective absorption, 70. 

Selective fermentation, 181. 

Selenium, asymmetric compounds, 809. 

Semicarbazones, stereoisomeric, 281, 
292. 

Semidine conversion, 878. 

Silicon, asymmetric compounds, 810. 

Solubility of racemic compounds and 
mixtures, 202 ; of dynamic isomers, 
844. 

Solution volume, 15. 

Solvents, effect on refractivity, 84 ; on 
rorafcion, 228. 

Space formula of tervalent nitrogen, 
274 ; of quinquevalent nitrogen, 800 ; 
of cyclic compounds, 209, 260 ; of 
unsaturated compounds, 288 ; of 
oximes, 277 ; of diazo-compounds, 
294 ; of benzene. 414 ; of KekuM, 
414 ; of Baeyer, 415 ; of Yaubel, 415 ; 
of Siichse, 415. 

Specific dispersivity, 40. 

~ rotation, 217. 

— exaltation, 28. 

— refractivit}'', 20. 

— maj^netio rotation, 44. 

Stability limit of dynamic isomers, 
845. 

Stei*e, 6. 

Stereochemistry of carbon, 169; of 
phosphorus, 811; of iodine, 812; 
of cyclic compounds, 288, 260 ; of 
nitrogen, 271 ; of diazo-compounds, 
298 ; of quinquevalent nitrogen, 299 ; 
of tervalent nitrogen, 274 ; of 
selenium and sulphur, 808; of 
silicon and tin, 810. 

Stereoisomeric carbon compounds, 



173; aldoximes, 280; ketoxime8,2aO; 
dioximes, 281 ; quinoneoximes, 281 ; 
hydroximic acids, 283 ; hydrazones, 
292 ; osazones, 292 ; ring compounds^ 
209. 

Stereoisomers, action of light, 152 ; 
heat of combustion, 65 ; magnetic 
rotation, 46 ; refractivity, 23 ; 
number, 207. 

Stilbene, 255; absorption spectrum, 
88 ; luminescence, 124, 186 ; refrac- 
tivity, 32. 

Structure of triphenylmethane dyes, 
99, 114. 

— and absorption spectra, 75. 

— and colour, 90. 

— and fluorefcoence, 180. 

— and physical properties, 1. 
Styrene, 173 ; absorption spectrum, 

88 ; magnetic rotation, 49, 54 ; re- 
fractivity, 82. 

Substitution, action of light, 145. 

Succinosuccinio ester, 821,' 885. 

Sulphur, asymmetric compounds, 808. 

Superposition, see Optical superposi- 
tion. 

Sylvestreno, heat of combustion, 68 ; 
refractivity, 81. 

Syn-compounds, 278. 

Synthesis, asymmetric, 200. 

— photo-chemical, 158. 



Tartaric acid, isomerism, 166; pro- 
perties, 172 ; physiological action, 
182 ; racemisation, 187, 189 ; rota- 
tion in solution, 229 ; configuration, 
178. 

Tautomerism, 814 ; types, 819 ; theories, 
356 ; virtual and functional, 327. 

Terephthalic acid, reduction, 897. 

Terpin, 262. 

Terpinene, 85. 

Tervalent nitrogen, 274 ; resolution, 
275 ; stereochemistry, 274. 

Tesia radiations, 123. 

Tetra-alkylammonium salts, 801. 305. 

Theory of, absorption, 85. 86 ; geo- 
metrical inversion, 253 ; optical 
inversion, 191; tautomerism, 850; 
chromoisomerism, 108 ; benzene, 
877 ; fluorescence, 188, 184. 

— of colour, Baeyer, 117 ; Hartley, 
113; Baly, 128; Kauffmann, 128; 
Kietzki, 94 ; Pfeiffer, 122 ; Watson, 
97 ; Willstatter, 120 ; Witt, 90. 

— fluorescence, Hewitt, 188 ; Kauff- 
mann, 184 ; Meyer, 133 ; WillstAtter, 
120. 

Thermo-chemistry, organic com- 
pounds, 56 ; conjugated double 
bond, 67 ; constants, 66 ; cyclic 
compounds, 68; double bond, 67; 
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homologous series, 65 ; isomers, ^ ; 

stereoisomers, 64 ; benzene, 68. 
Thioaldehydes* isomerism, 268. 
Thioketones, 98 ; isomerism, 268. 
Thiourea, isomeric change, 852. 
Thujone, refractivity, 27. 
Tiglio acid, 242, 255. 
Tin, asymmetric compounds, 810. 
Tolane, 246. 
Tolane dichlorides, isomerism, 242, 

246, 251. 
Tolane tetrachlorides, 251. 
Trans-form, 248. 
Triacetyl methane, 882. 
Triads, 819. 

Tribenzoylmethane. 881. 
Trichloracetylacrylic acid, 246. 
Trihydroxyglutaric acid, 209. 
Trimethylsuccinic acid, 269. 
Triphenylfulgide, 152. 
Triphenylmethane dyes, structure, 

118, 114, 117. 
Triphenylmethyl, colour, 117. 
Trithioacetone, isomerism, 268. 
Tropine, isomerism, 276. 
Tropylamine, isomerism, 276. 
Truxillic acid, 148, 261. 



Turpentine oil, rotation, 228. 
Tyrosine, 178; resolution, 188 ; raoemi- 
sation, 187. 

Ultra-violet absorption, 70. 

— li^ht, action on stereoisomers, 150, 
250, 252. 

Unsaturated compounds, action of 
light, 144 ; stereochemistry, 288. 

— hydro-carbons, tautomerism, 819. 

Valency, electrons, 86 ; isomerism, 

105. 
Valeric acid, 174, 187. 
Valine^ inversion, 194. 
Velocity of isomeric change, 852, 856. 
Violuric acid, colour, 107. 
Virtual tautomerism, 827. 
Visible spectrum, 70. 
Volume, molecular, 8; of dynamio 

isomers, 845. 

Walden inversion, 191. 
Wurster*s compounds, 120. 

Xylose, mutarotation, 282. 
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Abati, 402. 
Abderhalden, 182. \ 

— and Eiohwald, 195. 
Abereon, 268. 
Adrinni. 205. 
Angeli. 866. 

Anschutz and Pauly, 202. 
Arago, 88, 167. 
Armstrong, E. F., S4& 
ArmstroDK. H. E., 90, 96, 100. 
Aschan, 803. 

Atack, 287. 
Aawers, 100, 862. 

— and Eisenlohr, 81, 38, 41. 

— and Ellinger, 30, 42. 

— and Moosbrugger, 28 

-^ Roth and Eisenlohr, 62, 68. 

Bach, 159. 

Baeyer, benzene formula, 893, 895, 
414 ; hydroaromatio compounds, 
408 ; isomeric change, 861 ; relative 
asymmetiy, 264 ; stereoisomerism, 
261; structure of isatin, 75, 818; 
tautomerism of phloroglucinol, 825 ; 
theory of carbohydrate formation, 
158; theory of colour, 117. 

— t and Comstock. 814. 

— and Villiger, 117. 
Balbiano and Maschetti, 870. 

Baly, 40 ; theory of absorption, 75, 85, 
123 ; benzene theory, 418. 

— and Collie, 87, 418. 

— and Desch, 78, 81, 850. 

— Edwards and Stewart, 112. 

— and Ewbank, 87. 

— and Rice. 86. 

— and Tuck, 151. 

Bamberger, diazo-compounds, 295 ; 
isomeric cliange, 862, 8T0. 

— and Elger, 150. 

— and Goldschmidt, 366 

— and Hindermnnn, 371. 

— and Kunz, 871. 

— and Pemsel, 823. 327. 

— and Schmidt, 292. 
Bandrowski, 247. 
Barker and Marsh. 212. 
Bauer and Moser, 145. 
Baumann and Fromm, 263. 
Beckmann, 273, 284, 867. 
Becquerel, 43, ISO. 

Beer, 78. 



Behrend and K6nig, 276* 
Benrath, 155. 
Bernthsen, 128. 
Berthelot, 56, 60. 

— and Gaudechon, 148, 153, 159. 
Berzelius, 161, 830. 
Bethmann, 269. 

Betti, 326. 

Bielecki and Henri, 85. 
Biilmann, 198, 248. 
Biot, 38, 167, 217. 
Bischoff, 262, 300. 
Blunk, 251. 
Blanksma, 857. 
Blomstrand, 295. 
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Bragg, 170, 890. 
BrediK, 128. 

— and Fiske, 202. 
Brodie, 163. 
Brown, H. T., 1S6. 

— and Morris, 160. 

Brahl, refractivity, 21,64 ; refraetivity 
of dynamic isomers, 845; benzene 
formula, 407, 408. 

— and Schroeder, 846. 
Brumer, 858. 
Bruning, 165. 
Buckney, 305. 

Buff. 5. 

Bulow and Ganghofer, 825. 

Burke, 57. 

Butlerow, 819, 351. 

Campbell, 43. 
Cannizzaro, 146. 
Chabri^, 182. 
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bottom, 158. 
Chattaway, 151, 825. 
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Cohen, Dawson, Blockey and Wood- 
mansey, 146. 

— and Dadley, 227. 

— and Marshall, 826. 

— Marshall and Woodman, 801. 

— and Whitoley, 200. 
Collie, 418. 
Comstock, 284, 822. 
Conrady, 24. 
Cotton, 202. 

Crossley and Le Sueur, 862. 
Crum-Brown, 234. 
Curtiufl, 368. 

— and Franzen, 159. 

Dakin, 161, 186, 188. 

Davis, W. A., 141. 

Davy, £., 144. 

Davy, H., 141. 

Delacre, 358. 

van Deventer, 180. 

Dewar, 124, 135, 144. 
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Walden inversion, 192 ; theory of 
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nitro-compound?, 346 ; electrical 
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— and Gorke, 103. 

— and Hilscher. 109. 

— and Kraft, 292. 

-— and Meyer, 117, 129. 

— and Osswald, 341. 

— and Overton, 292. 



432 



INDEX OF AUTHORS 



Hantzsch and SohuUze, 824, 846. 

— and Werner, 276. 
Hardy and Willecck, 147. 
Harries, 149. 

Hartley, 71, 118, 860, 418, 418. 

— and Dobbie, 76. 

— and Dobbie and Lauder, 76, 81. 

— and Huntington, 71, 83. 
Hartmann, 200. 
Hedley, 106. 

Heintz, 166. 

Heller, 868. 

Henle and Haakh, 202. 

Henrioh, 829. 

Herschel. 142, 167. 

Hewitt, lis, 188, 829. 

Hicks, 298. 

Hilditch. 222, 228. 225. 

Hofmann, 168, 872. 

— and Kinnreuther, 121. 

— and Martins, 869. 

— and Olsbausen, 864. 

Hoff, van *t, theory of stereoisomeriam, 
168, 288 ; transition temperature of 
tartrates, 180 ; racemisation, 189 ; 
optical superposition, 288 ; tervalent 
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